FACILITY FORM 602

N1Q-34

(ACCESSION NUMBER) STTdA(THRY)
[y -
(PAGES) )

2
&

- oW/
' . .\_)
[NASA CR OR TMX OR AD NUMBER)

2%

{~.

THE SOFf/NEL COMPANY . AEROSPACE GROUP

|

ENGINE RESTART AND THERMODYNAMIC
ANALYSIS OF APOLLO SPACECRAFT
ENGINE TESTS (VOLUME I )

SOUTHEAST DIVISION

NASA —. MSG




DOCUMENT NO. D2-118246-1

TITLE  ENGINE RESTART AND THERMODYNAMIC ANALYSIS CF APOLLO
SPACECRAFT ENGINE TESTS (VOLUME I)

MODEL NO. APOLLO-TIE CONTRACT NO. NASw-~1650

Prepared by:
PRGPULSION AND POWER
5-2940

Prepared for:

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
MANNED SPACECRAFT CENTER
HOUSTON, TEXAS

. Kerkam
. Wood

. Foley
. Smith

Prepared by:

o>
E O N

Roproved by: oxmp "B % (2&iga
A. M. Momenthy
Propulsion Performance

Approved by:

Jg/M, Carter
opulsion and Power Systems

He LVETEINLS CONPANY SPACE DIVISION, HOUSTON, TEXAS




D2-118246-1

REVISIONS

g% DESCRIPTION DATE APPROVED

e,

11

— —— e



D2-118246-1

ABSTRACT

This report presents analyses of results obtained from cold flow and
hot fi~ing tests conducted on the LM Ascent, LM Descent, and Service
Propulsion System engines. The purposes of these analyses were to
provide a basis for defining the thermodynamic processes and hardware
variables that lead to a hypergol engine hard restart after a short
duration firing, and to determine if cold flow tests can be formulated
to provide data that will allow a reduction in the requirements for
costly hypergol engine hot firing restart performance tests. Engine
restart characteristics were related to the results from thermodynamic
analyses of propellant behavior during the coast phase of cold flow
and hot firing tests. Hard restarts were related to the accumu ation
of frozen propellants in the injector assemblies and the accumulation
of nitrates in the thrust chambers. Recommendations were made concern-
ing the conduct of future cold flow test programs and for further
experimental and analytical investigations.
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SECTION 1 - INTRODUCTION

1.0 PURPOSE

This report presents analyses of results obtained from cold flow
and hot firing tests conducted using Apollo spacecraft primary
propulsion system engines. The purposes of these analyses were to:

1. Provide a basis for defining the thermodynamic processes
and hardware variables that lead to a hypergol engine hard
restart after a short duration firing.

2. Determire if cold flow tests can be formulated to provide
data thet would allow a reduction in the requirements for
costly hypergol engine hot firing restart performance tests.

1.1 'SCOPE

Results obtained from cold flow and hot firing spacecraft engine tests
are aralyzed %o determine the significant parameters and phenomena
affecting engine restarts. Comparisons between cold flow and hot firing
tests are used to determine the feasibility of developing a hot firing/
cold t+low test correlation. The Apollo spacecraft primary propulsion
system engine restart tests, supplying data for the analyses, are
summarized and evaluated. This summary and evaluation covers test
hardware, test conditions, and data validity. ///

1.2 BACKGROUND

I

¢ ¥
S’

T
vt
T

Early in the Apollo program, it was realized that residual propellants
could freeze in spacecraft engine injectors and/or propellant manifolds
after the engines were shut down. This freezing can occur because the
propellants in the injector and manifolds are exposed to space vacuum
conditions which results in propellant cooling by evaporation. Heat
transferred from the thrust chamber and injector will vaporize part of
the residual propellants, but short duration firings (on the order of

1 seccnd) do not transfer enough heat to prevent propellant freezing.

ARV
toy
,

*
A

Engine restart characteristics are affected by the engine and propellant
behavior during the preceding shutdown and coast periods. The three
time periods of interest are shown schematically on the following
generalized pressure vs. time plot. RESTART

|SHUTDOWN COAST

PRESSURE.

TIME

1-1
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1.2 BACKGROUND (Continued)

During the shutdown period, the thrust chamber, fuel manifold, and
oxidizer manifold pressures rapidly decrease below steady state
operating levels. Combustion continues, at a Tow level, for several
seconds after the engine valves close as some of the residual propellants
are ejected into the thrust chamber. During the coast phase, the fuel
and oxidizer manifold pressures decay below the fuel and oxidizer

vapor pressures. The fuel and oxidizer residuals are then cooled by
boilirg and evaporation and can be frozen if the propellant tempera-
tures decrease to the fuel and oxidizer freezing points. Upon engine
restart, the injector fuel and oxidizer manifolds are refilled with
propellants, and engine ignition follows. The engine restart character-
istics will be influenced by the volume and thermodynamic state (solid
or liquid) of the residual propellants present at restart.

As a result of concern over the effect that frozen propellants could
have on engine restarts, a comprehensive test program to investigate
restart phenomena was initiated by the Propulsion and Power Division

of the Manned Spacecraft Center, Houston, Texas. This program included
a series of injector cold flow tests at the Atlantic Research Corpora-
tion (ARC) and Arnold Engineering Development Center (AEDC) followed

by 2 series of engine hot firings at AEDC and Boeing test facilities.
These tests emphasized short duration firings which minimize the heat
input from combustion and maximizes the possibility of propellant
freezing. This report provides a comprehensive summation, comparison,
and analyses of the results obtained from these cold flow and hot firing
tests covering all three of the Apollo spacecraft primary propulsion
system engines,
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SECTION 2 - SUMMARY

2.0 SUMMARY

Analyses were conducted to define hypergol engine restart limits using
data from tests on Apollo spacecraft Ascent, Descent, and Service
Propulsion System (SPS) primary engines. These analyses included

data from: Ascent and Descent engine cold flow tests conducted at

the Atlantic Research Corporation (ARC); Ascent and Descent engine

hot firings conducted at the Boeing (Seattle) Tulalip Test Facility;
Service Propulsion System engine cold flow and hot firing tests con-
duc*ed at the Arrold Engineering Development Center (AEDC). The

LM Ascent and Descent engine tests were directed by the Grumman Aero-
space Corporation; the 3PS tests were directed by NASA/MSC.

Bell and Rocketdyne Ascent engine injectors and a TRW Desce:t engine
injector were cold flow tested at ARC using oxidizer or fuel plus

an oxidizer simulant. These tests were conducted to emphasize the
coast phase and cbservation of propellant behavior after termination
of propellant fiow. Propellant freezing in injector manifolds and
passages was experienced. Techniques were developed during these
tests for the measurement of propellant residual volumes in the
injectors.

The Ascent (APS) engine was tested at Seattle using short duration
(0.5 second) firings, coast periods from 1 to 1500 seconds, propellant
temperatures from 40 to 65°F, and propellant helium saturation levels
from 33 to 100%. The tests were conducted at altitudes generally
above 200,000 feet. During these hot firing tests, hard restarts

were experienced at coast times of 15 to 90 seconds. Analyses of the
test cata, coupled with an evaluation of motion pictures covering the
injector fiow, showed that all but two hard restarts were caused by
frozen oxidizer plugging the engine injector filters sufficiently o
reduce the normal oxidizer lead. The two restarts that gave no evidence
of oxidizer plugging occurred after coast periods of 30 and 90 seconds.
Their cause was rot determined. On another test, the engine did not
restart during tie second restart attempt after a 60 second coast.

The Descent {DPS) engine was tested at Seattle using short duration

(2 to 3.5 seconds) firings, coast periods from 2 to 1819 seconds,
propellant temperatures from 40 to 65°F, and propellant helium satura-
tion levels from 9 to 100%. A1l tests were conducted at a 10% thrust
setting on this throttleable engine and the test altitudes were
generally above 200,000 feet. During these hot firing tests, one

hard restart was noted. There were several tests in which restarts
showed a transient chamber pressure well above the steady state pressure,
however, these could not be classified as hard starts because the
transient pressures were within the range of pressures observed during
initial starts. Analyses of the test data, coupled with an evaluation
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2.0 SUMMARY (Continued)

of motion ,.-~tures covering the injector flow, gave evidence that
propellants froze i~ the engine ducts and manifolds. This freezing
had 1ittle effect on the restart characteristics and it is believed
that this is due to the normally slow start transient on this engine.

An SPS (Block I) injector was cold flow tested at AEDC using fuel,

fuel rlus an oxidizer simulant, and oxidizer. These tests were

conduc ted to emphasize the coast phase and observation of propellant
behavior after the injector was exposed to a low pressure environment,
Propellant freezing in the injector manifold and passages was experi-
enced.

The SPS engine, using a Block I injector, was tested at AEDC using
short duration (C.37 and 0.50 second) firings, coast periods from

7 to 1800 seconds, propellant temperatures of 35 and 65°F. The

tests were conducted at altitudes generally above 245,000 feet.

During these hot firing tests, random hard restarts were experienced
after 0.37 second firings. Analyses of the data from multiple 0.37
second duration restart tests indicated that detonable compounds
collected in the combustion chamber causing increasingly hard restarts.
No evidence was found that these detonable compounds were formed
following 0.5 second firings.

Analyses of the cold flow and hot firing restart test data were per-
formed using phase diagrams to determine the thermodynamic state of
the propellants. Selected APS, DPS, and SPS cold flow and hot firing
test results were compared. Propellant mass residuals were calculated
for the APS and DPS hot firings and the results compared with cold
flow residual measurements from ARC tests. The effect of engine
injector and manifold volumes, thermodynamic state of propellant
residuals, gas:saturation, propellant temperature, and gravity on
restart characteristics were evaluated. Results from these analyses
provide an understanding of the transient thermodynamic¢ processes
involved ir hypergol engine restarts and the background for developing
a technical basis for establishing engine restart limits and mission
constraints. 1) addition, the analyses show that adequately conducted
cold flow tests can be useful in reducing the scope of a hot firing
test program.
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SECTION 3 - INJECTOR COLD FLOW TESTS AT ARC

3.0 GENERAL

This section summarizes the cold flow test program conducted at the
Atlantic Research Corporation (ARC) High Altitude Test Facility

between September 18, 1967 and March 8, 1969. The test conditions

for each test serics are summarized, and significant test results

are presented. “he information and data presented in this section

were obtained from the ARC weekly status reports (Reference 1) and

the ARC final report (Reference 2). Descriptions of the test facility,
instrumentation, and test article configuration are provided in Appendix
A.

The objective of the ARC test program was to determine the extent of
injector cooling and accumulation of frozen propellants during venting,
freazing, and sublimation processes. To weet these objectives,
sufficient injector tests were conducted to determine the degree of
flow obstruction, and the pressure, temperature, and mass residual
histories as a function of time after propellant valve closure. Addi-
tional beaker tests were conducted to obtain photographic records of the
phenormena occurring after propellants were suddenly exposed to a vacuum
environment and to investigate the effects of beaker orientation on the
propellant expulsion process.

four series of cold flow tests were conducted using a Bell ascent
injector (Phases I and II), a Rocketdyne ascent injector and a TRW
descent injector. The test series were conducted in accordance with

the requirements of Grumman Aerospace Corporaticn contract P.0O. 4-61666-
C with the Atlantic Research Corporation (ARC). The scope of the test
series is indicated in Table 3-1. Fuel tests and oxidizer tests were
conducted separately to prevent combustion. During most fuel tests,

the oxidizer cooling effects were simulated by flowing Freon MF or TF
through the oxidizer side of the test injector. No simulation of fuel
cooling effects was attempted during any of the nitrogen tetroxide tests.
Test article temperatures, pressures, and propellant mass residuals

were recorded as a function of time. Photographic coverage of the
injector external flow characteristics was obtained.

In addition to the injector tests, a series of transparent beaker

tests was conducted. The beaker approximated the fuel side volume

and orifice area of the Bell ascent injector. For each test, the

beaker was filled with Aerozine-50 or nitrogen tetroxide, and then
exposed to the low pressure environment of the ARC High Altitude Test
Facility. Photographic coverage of these tests was obtained, and
T1imited temperature histories were taken. The beakers had no provisions
for pressure instrumentation.

3-1
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TEST RESULTS

A detailed review of the data from cold flow tests is presented in
Section 7.3 of this report. The significant test results for each of
the four injector test series are summarized below.

3.1.1

1.

3.1.2

Bell Injector Phase I Test Results Summary

Propellart residuals in the injector and ducts boil violently
following termination of propellant flow. This causes sig-
nificant amounts of liquid to be expelled through the
injector orifices.

The Bell injector was cooled below the freezing temperature
of A-50 and N,0, by the evaporation of fuel and oxidizer,
or oxidize: s?mﬁ]ant, residuals.

The oxidizer injector orifices were not plugged by frozen
oxidizer residuals during any of the oxidizer tests.

The fuel injector orifices were not plugged by frozen fuel
residuals when no oxidizer simulant (Freon MF) was used.

The fuel injector orifices were partially plugged by frozen
fuel residuals when 535-1070 m1 of oxidizer simulant (Freon
MF) was used at initial fuel temperatures of 62°F or less,
and after three or more pulses.

Bell Injector Phase II Test Results Summary'

The residual fuel started to boil approximately 3 seconds
after the start of the fuel flow pulse. This time is in-
dependent of initial fuel and injector temperatures over
the temperature range of 40 to 709F, and is the same for
first coast periods and second coast periods.

The temperature of the residual fuel decreased to the
freezing level in 15-20 seconds after the start of the fuel
flow pulse. This time is independent of initial fuel and
ingector temperatures over the temperature range of 40 to
700F, and is the same for first coast periods and second
coast periods.

Small amounts (up to 3 in3) of frozen fuel residuals were
present in the injector ducts one-half hour after the
second fuel pulse. Additional fuel re:idual data are pre-
sented in Figure 3-1.

3-3
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Be1l Injector Phase II Test Results Summary (Continued)

The volume of fuel residuals is decreased by an increase
in initial fuel and injector assembly temperatures.

TRW Injector Test Results Summary

The residual fuel started to boil approximately 5 to 25
seconds after the start of the fuel flow pulse. The time
to the start of boiling was decreased by an increase in
initial fuel and injector assembly temperatures.

The fuel temperature decreased to the freezing ievel in
90 to 100 seconds following the start of the first fuel
flow pulse. The time was independent of the initial fuel
temperature.

The fuel temperature decreased to the freezing level in 45
to 60 seconds following the start of the second fuel flow
pulse (409F fuel).

Small amounts (0-4 1n3) of frozen fuel residuals were
present in the injector assembly one hour after the fuel
flow pulse. Additional fuel residual data are presented
1n Figure 3-2.

The volume of fuel residuals was decreased by an increase
in the initial fuel and injector assembly temperature.

A nitrogen tetroxide flow pulse cooled the injector fuel
magifo1d approximately 8°F from an initial temperature of
400F.

Rocketdyne Injeétor Test Results Summary

The injector and propellant ducts were cooled below the
freezing point of Aerozine-50.

The propellant ducts reached much lower temperatures than
the injector, indicating that the propellant residuals were
Tocated in the propellant ducts.

Measurable amounts (up to 0.8 in3) of frozen fuel residuals
were present for as long as 1 hour after the propellant
flow pulse. Additional fuel residual data are presented in
Figure 3-3. :

The volume of fuel residuals was increased by a decrease in
the initial propellant and injector assembly temperatures.
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SECTION 4 - ROCKETDYNE ASCENT ENGINE TESTS AT SEATTLE
4.0 GENERAL

The LM ascent engine hot-firing restart test program was conducted
at the Boeing Tulalip Test Facility near Seattle, Washington during
the period from October, 1968 to February, 1969. The tests were
planned and supervised by GAC, in accordance with GAC Contract
Number NAS9-1100. Contract Item CCA 1041 titled, "Test Requirements
for LM Ascent and Descent Engine Restart Capabilities Test Program".

The test program was divided into Phase I and Phase II. Phase I

tests were run with nominal initial propellant and hardware tempera-
tures of 65°F, with an uncontrolled propellant helium saturation

level and no photographic coverage of injector phenomena during

coast or firing periods. Phase il tests were run with nominal initial
propellant and hardware temperatures of 50°F, with helium saturated
propellants and photographic coverage of the interior of the engine
thrus? chamber during firing and.coast periods. Propellant samples
were cbtained prior to all Phase I and Phase II tests to determine
the dissolved gas content (He, N2, etc.) of the propellants.

A sumiary of the ascent engine test conditions and the as-run test
matrix are in Table 4-1.

Detajled information on the Seattle APS test facifity, engine config-
uration, instrumentation, and test series conduct js presented in
Appendix B.
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4.1 TEST OBJECTIVES AND REQUIREMENTS
4.1.1 Test Objectives
The objective of the LM Ascent Engine Restart Capabilities Test

Program was to determine the constraints for ascent engine restarts
which may follow short duration (0.5 second) firings. The hazards

~ associated with this type of operation result primarily from the

evaporative freezing of the propellants in the injector and ducts
following shutdown, and the effect c¢f the frozen propellants on a
subsequent restart attempt.

An additional area to be investigated was the deposition of detonable
compounds on the cold injector face or combustion chamber v.:11s.

These compounds are formed by incomplete combustion of the propellants
and may be deposited on the combustion chamber surfaces. It is
probablz that combustion chamber overpressures would result if suffi-
cient amounts of these compounds were present and were ignited during
an engine restart.

4.1.2 Test Requirements

In order to investigate these potential problem areas, the following
requirements were established by Grumman Aircraft Engineering Corpora-
tion fcr the Restart Capabilities Testing:

1. The Ascent and Descent Engines to be mounted with the thrust
axis (+X) 8° above the horizontal and with the valve packages
located 2t the bottoms of the engines.

2. The englne mount fixture spring rate design target to be
60 x 10% 1b per inch.

3. The engine and propellant to be thermally conditioned at
65 + 5°F for a minimum of 30 minutes prior to the first
firing for Phase I and 40° to 50°F for Phase II,

4. Low spee¢ (24 frames per second) motion pictures to be taken
of the engine shutoff valve actuator vent line exits for
observation of the formation of frozen propellant during
the shutdown sequence in Phace 1. In Phase II, additional
cameras, a low-speed and a high speed, to be trained on the
injector through windows in the engine thrust chamber,

5. The test cell altitude to be in excess of 200,000 ft. prior
to the first start of each Phase I test series, and in
excess of 250,000 ft. prior to the first start for each
Phase 11 test series. Recovery back to 200,000 ft. after
first firing shutdown to be at the maximum facility rate
and remain at 200,000 ft. for the remainder of the "coast"
time and for restarts.

4-3
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4,1.2 Test Requirements (Continued)

6. Propellant residue on the injector or combustion chamber
walls to be sampled at the end of the run and held for
analysis.

4,1.3 Test Planning

The test plans for the LM primary engines called for two phases of
testing. The Phase I tests were to investigate sirngle-restart
pheromena at propellant and hardware temperatures of 65°F. The

Phase Il tests were to investigate multiple restart phenomena at
colder (50°F) temperatures. High temperatures were 1ot considered

to present as severe a problem as low temperatures, and were not
tested. Tests were run at a minimum engine firing time of 0.5 seconds,
which increased the probability of injector freezing and was at the
same time a best condition for the altitude facility, which had a
1imited mass removal capability.

The primary varizble in the test program was the "coast” time between
an encine shutdown and the subsequent restart. in this way, a con-
straint on coast time for minimum impulse multiple restarts could be
established. The planned test conditions and sequences are shown

in Table 4-2. Tre coast times for the LMAE were to be determined by
thermodynamic considerations before the tests began.

The Phase I and Phase II test programs differed significantly from
the planned test matrix, especially in the number of tests actually
performed. Greater difficulties than imagined were met in settirg
up the engines and in meeting cleanliness requirements. As a conse-
quence, the number of Phase I tests was reduced to meet the
October 31, 1968 deadline for Phase 1 test completion. The initial
Phase II test matrix was significantly modified by NASA and Grumman.
The "as-run" test matrix is shown in Table 4-1.

The following Grumman requirements were incorporated in the detailed
test plans, facility buildup, and procedures:

1. The propellants to be nitrogen tetroxide (NpOg) oxidizer
per MSC Specification MSC PPD-2 Rev. A and mixed hydrazines
(50% hydrazine and 50% UDMH) fuel per Specification MIL-P-
27402,

2. The pressurizing gas for the propellants to be helium per
specification MIL-P-27407 or Bureau of Mines, Grade A.

3. The purging gas to be nitrogen per Specification MIL-P-
27401B.
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A-1
A-2
A-3
A-4
A-5
A-6
A-7
A-8
A-9

A-10
A-11
A-12
A-13
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A-15
A-16
A-17
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A-22
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TABLE 4-2
PLANNED TEST MATRIX FOR SEATTLE LMAE TESTS
PHASE I
INITIAL
ENGINE PROPELL. & PROPELLANT
NO. OF FIRING HARDWARE SATURATION
ENGINE STARTS TIME-SEC. TEMP. °F LEVEL - %
Ascent 2 0.5 65 0
40
1 t ' l )
PHASE 11
Ascent 5 I 65 100
0.5
l Y
[ 40
0.5
5 * 4 Y

COAST
TIME -
SEC.

T8D

T8D
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Test Planning (Continued)

The fluid and hardware cleanliness levels shall be as

specified in the applicable GAEC, TRW, and Rocketdyne
documents.

Ascent engine propellant feed line length and diameter

to be consistent with the LM vehicle drawings. The length,
diameter, wall thickness, and material of the engine
shutoff valve actuator vent lines to be consistent with
vehicle drawings. Reasonable approximations of line
configurations are acceptable.

Descent engine propellant feed line diameter shall be

2 0 inches. Reasonable approximations of line length
and configuration are acceptable. The length, diameter,
wall thickness, and material of the engine shutoff valve
actuator vent lines to be consistent with LM vehicle
drawings, however, reasonable approximations of vent line
configurations will be acceptable for the Tine segments
downstream of the flexible hose sections.

The engine prevalves and/or shutoff valve actuator pilot

valves to be supplied with the required electrical voltage
and amperage.

Sufficient instrumentation to be available to record the
desired pressure, temperature, accoleration, and other

parameters necessary to evaluate engine and facility per-
formance.

Engine and test facility hardware to be examined after
each test series and photographs taken of any damage noted.

A facility and engine checkout firing to be conducted for
each engine prior to each phase of testing.
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4.2 TEST RESULTS
4.2.1 Significant Results

The Seattle Phase I and Phase II tests produced one failure to restart
and severai restarts which had significantly higher peak chamber
pressures and accelerometer readings than the initial starts. Low
temperatures, significantly below the fuel and oxidizer freezing
terperatures, were observed in the fuel and oxidizer ducts between the
enginn valves and the injector. The presence of frozen oxidizer
residuals was found to result in partial plugging of the oxidizer
side, causing hard restarts. A summary of the Seattle test results

is presented in Table 4-3. A detailed analysis of the test data

is in Section 7.3,

§7 4.2.2 Photographic Results

i
25
e
e
B
R
s
¥

Three cameras were used for observation of the Ascent engine during
Phase II tests. A 1000 frames-per-second Photosonic camera and a
24 frames-per-second Milliken camera (Milliken I) photographed the
injector through quartz glass windows in the combustion chamber wall.
An additional 24 frames-per-second Milliken camera {(Miiliken 1I) was
directed at the shut-off valve vent line exits. Figure 4-1 shows
sketches of the projected images from the cameras, and Figure 4-2
shows the location of the combustion chamber ports, cameras, and light
source. This configuration was maintained constant until the last
Ascent Engine test (A-12), when the Photosonics camera was removed
and replaced by the Milliken II camera. This camera was pointed
towards the thrust chamber throat to determine if fueil puddles were
formed after the firing. Despite a successful checkout, the camera
did not function properly during the test, and did not produce usable
photographs. Color film was used in the Milliken cameras, and black
< and white film was used in the Photosonics camera. A "fire switch"

§§ event light and a 1000 Hertz timing 1ight were used in the Photosonics

3

5

camera. There were no marker lights used in the Milliken cameras.

Film coverage was obtained from the Photosonics camera for all tests
except A-0II-1, A-0II-2, A-5 and A-12 and from the Milliken I camera
for all tests except A-5. The Milliken II camera produced no usable
films except for test A-11.

Films from the Photosonics camera showed the injection of propellants
unti? the injector was obscured by propellant spray. The floodlight
was also obscured, causing the film to darken for a few frames.
" Ignition was indicated by a sudden increase in light intensity, caused
-§5 by the incandescence of the burning propellants.

Following engine shutdown, the chamber clears rapidly. The decay of

the combustion process is accompanied by combustion oscillations which
are detected by the chamber pressure and fuel and oxidizer manifold
pressure transducers. When the injector face and baffle became visible,

4-7
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4,2.2 Photographic Results (Continued)

appro..imately 0.3 seconds after shutdown, large amounts of foam were
obseried on the injector face and baffle. The foam appeared to

have a consistency which was slightly less viscous than shaving foam,
This 'iquid was undoubtedly oxidizer, because at the existing chamber
pressure (10-15psia), fuel would not have been boiling. Boiling and
violent agitation of the foam continued for about 2 to 3 seconds after
shutdown., At this time, the injector face was essentially clear of
all fuam. Small amounts of boiling liquid appeared about 8 scconds
after shutdown, and persisted for approximately 1 second. During
this time period, fuel duct pressure and temperature data indicated
that the fuel was beginning to boil.

The Milliken I camera showed that frozen white “eposits were formed
on the side thrust chamber window about 3.5 s.:.unds after shutdown.
These deposits sublimed rapidly. About 8 seccrds after shutdown,
partly frozen liquid was deposited on the side window, comnletely
obscuring the view of the injector. The liquid froze raz iy and
then melted or sublimed. The frozen material had essentially dis-
appeared within 15 seconds after shutdown, although a few small frozen
particles remained on the window for up to 50 seconds after shutdown.
Frozen fuel and oxidizer were occasionally extruded from the injector
orifices for up “o 50 seconds after shutdown. However, there was no
ecvidence of the large frozen propellant deposits that were observed
during cold-flow testing at ARC.

The second restart of test A-7 did not burn normally. The Photosonic
camera showed fuel issuing from the fuel ports in the injector following
the opening of the valves, but oxidizer did not appear. After a few
frames, the injector was obscured by floodlight reflection from the
fuel droplets. Exhaust gas temperatures following the third firing
rose to 540°F compared with 1270°F and 1000°F for the first and second
firings, indicating that partial combustion occurred. Film from the
Milliken I camera showed a reddish gas in the combustion chamber
following shutdown of the third firhg This gas, apparently nitrogen
tetroxide, was not visible on the black and white film from the
Photosonic camera., The appearance of the gas on the color film of

the Milliken I camera was evidence of partial oxidizer flow during
this firing. Additional data, presented in Section 7.3, confirm that
significant oxidizer side blockage occurred during the second restart.
The blockage is believed to occur in the hjector inlet filter.

The film from the Milliken I camera on test A-8 showed an unusual
accumulation of solid material in the combustion chamber following

the test. This material apparentiy was cooling water from the Photocon
transducer which ruptured during the A-8 test.

The Milliken I camera for test A-7 (also test A-6) was focused on

the window surface instead of the injector head of the ascent engine,
This focusing was done deliberately, at GAC's request, to obtain a

4-12
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4,2.2 Photographic Results {Continued)

bette - view of deposits which were observed on the windows after
engine shutdown.

The film from the Milliken II camera, used to observe the propellant
valve actuator vent line exits, showed that the vent lines were capped
with frozen fuel at the beginning of the test. These plugs were

tlown clear when the valves were vented. Thereafter, the plugs
reforiied. Venting of the valve actuators for shutdown of the second
pu:se produced a snowflake like deposit on the test chamber wall,
During test A-12, the Milliken II camera was used to observe the
throat area of the ascent engine. The objective was to obtain photo~
graphs of a propellant puddle, if one formed, in the combustion chamber.
With the engine orientation used in the tests, the Tow point of the
combustion chamber was just forward of the throat. Film from the
Mi>1iken II camera showed the throat plainly while the camera was
being checked prior to test. During test A-12, the film showed only
an overexposure. It was verified that the camera was not moved
following checkout, but no reason for the overexposure could be
established.

T
Ry R D S At
R AL - B A P

4,2.3 Detonable Compound Residuals

No significant amount of residue was found in the ascent engine after
any of the test firings. As a result, no samples were taken for
analysis. The absence of nitrated residues is confirmed by the movie
coverage of the thrust chamber interior. These movies show that the
viscous brown deposits observed after LMDE firings were not present
after ascent engine firings.

fEng iR :_c:g;;;;‘.};; I

"\"‘V

7 A

R

-

-4
Fo
>
.

. . - T AT —— ‘-ﬂm

S —— e



Srdeet a0 T

ok, TR R SR T R
AL AR ab TR b Sl e

T

TRy

CVHLF G AT R

D2-118246-1

SECTION 5 - TRW DESCENT ENGINE TESTS AT SEATTLE

5.0 GENERAL

The LM descent engine hot-firing restart test program was conducted
at the Boeing Tulalip Test Facility near Seattle, Washington during
the period from October, 1968 to February, 1969. The tests were
plannad and supervised by GAC, in accordance with GAC Contract
Number NAS9-1100, Contract Item CCA 1041 titled, "Test Requirements
for LM Ascent and Descent Engine Restart Capabilities Test Program".

The test program was divided into Phase I and Phase II. Phase I
tests were run with nominal initial propellant and hardware tempera-
tures of 65°F, with an uncontrolled propellant helium saturation
level and no photographic coverage of injector phenomena during
coast or firing periods. Phase II tests were run with nominal
initial propellant and hardware temperatures of 50°F, with helium
saturated propellants and photographic coverage of the interior
of the engine thrust chamber during firing and coast periods.
Prope’lant samples were obtained prior to all Phase I and Phase II
tests to determine the dissolved gas content (He, Ny, etc.) of the
propellants.

A summary of the de<cent engine test conditions and the as-run
test matrix are shoin in Table 5-1.

Detailed information on the Seattle DPS test facility, engine
configuration, instrumentation, ana test series conduct is
presented in Appendix C.

5-1
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5.1 TEST OBJECTIVES AND REQUIREMENTS
5.1.1 Test Objectives

The objective of the LM Descent Engine Restart Capabilities Test
Program was to determine the constraints for descent engine restarts
which may follow short duration (3.5 second) firings. The hazards
associated with this type of operation result primarily from the
evaporative freezing of the propellants in the iajector and ducts
following shutdown, and the effect of the frozen propellants on a
subsequent restart attempt.

An additional area to be investigated was the deposition of detonable
compounds on the cold injector face or combustion chamber walls.

These compounds are formed by incomplete combustion of the propellants
anc may be deposited on the combustion chamber su~faces. It is
prcbable that combustion chamber overpressures v..u:- +esult if suffi-
cient amounts of these compounds were present and . 2.2 ignited during
an engine restart.

5.1.2 Test Requirements

The test requirements for both the LMAE and the LMDE Restart Capa-
bilities Test Programs are listed in Section 4.1.2.

5.1.3 Test Planning

The test planning for both the Ascent and Descent test programs
was a single effort. Thus, Section 4.1.3 also describes the test
planning for the LMDE tests. Table 5-2 is the planned test matrix
for the LMDE tests. Table 5-1 is the as-run test matrix, which
evolved from the one planned due to the circumstances enumerated
in Section 4,1.3.
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TABLE 5-2

PLANNED TEST MATRIX FOR SEATTLE LMDE TESTS

PHASE 1
INITIAL
ENGINE PROPELL. &
NO. OF FIRING HARDWARE
ENGINE STARTS TIME-SEC. TEMP. °F
Descent 2 2 65
40
4 L § | 1
PHASE 11
Descent 5 5 65
2
5 40

5-4

PROPELLANT
SATURATION
LEVEL - ¢

0

100

COAST
TIME -
SEC.

120
60
30
10
300
120
60
30
10

TBD
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5.2 TEST RESULTS
5.2.1 Significant Results

The Seattle Phase I and Phase II tests resulted in one restart which
had a peak chamber pressure higher thar the range cf initial starts.
Temperatures significantly below the fuel und oxidizer freezing
temperatures were observed on the propellant ducts between the engine
valves and the injector. Frozen propellant residuals did not appear
to af’ect restart cnaracteristics. The test resulls are summarized in

Tasle 5-3, and a detailed analysis of the test data is in Section 7.4.

5.2.2 Photographic Results

Three cameras were used for observation of the Descent engine during
Phase II tests. A 1000 frames per second Photosonic camera and a 24
frames per second Milliken camera photographed the injector through
quartz glass windows in the combustion chamber wall. An additional
Milliken camera (24 frames per second) was directed at the shut-off
valve vent line exits. Tigure 5-1 shows sketches of the projected
images from the cameras, and Figure 5-2 shows the location of the
combustion chamber ports, cameras, and light source. This configura-
tion vas maintained constant throughout the Descent Engine test series.
Color film was used to photograph the injector, and black and white
film was used to photograph the vent line exits. A "fire switch"
event light and an IRIG "B" timing 1ight were used in the Photosonics
camera. There were no marker lights used in the Milliken cameras.
A1l motion pictures were successfully obtained on the Descent Engine
test series, with the exception that the Milliken II camera film

was broken on the checkout test D-0-I, and the engine floodlight fuse
was biown on est D-10.

Engine .estarts at coast times of 15 to 375 seconds appear to be very
similar to i1itial starts. At shorter coast times, up to 15 seconds,
the restarts are obscured by the shutdown transient from the preceding
start. The films from the Photosonic camera showed that the initial
starts and observable restarts had oxidizer leads. following develop-

ment of the oxidizer spray, a dull red color was observed in the chamber.

Tris could have been caused by low level combustion with fuel vapor,
or could have been caused by red-colored N2Og vapor. The films then
darkerec as the density of the propellant spray increased and obscured
the light source. Ignition was indicated by a bright red flash of

1ight in the chamber. The red flame gradually turned white and increased

in brilliance as steady state conditions were reached.

Following shutdown, the Photosonic films showed a gradual decrease in
the brilliance of the combustion, accompanied by the flow of large
droplets of oxidizer toward the chamber window. The chamber cleared
briefly, showing that the pintle end was covered with oxidizer foam.
Th2 injector pintle was then obscured by further combustion. This
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FIGURE 5~1 SEATTLE DPS CAMERA VIEWS
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TOP VIEW OF DESCENT ENGINE INSTALLATION FOR SEATTLE TESTS

LIGHT SOURCE
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MILLIKEN
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FIGURE 5-2 LM DESCENT ENGINE THRUST CHAMBER WINDOWS AND CAMERAS
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5.2.2 Photographic Results. (Continued)

combustion process had a red color, oscillated at a frequency o.
approximately 50 Hz, and persisted for approximately 1 second of
real time.

The pulsations in light intensity were accompanied by pressure pulsa-
tions. The presence of pressure pulsations was confirmed by pulsations
in the size of fcam-like propellant globules that could be seen clinging
to the injector. Proof that the 1ight pulsations originate from
incandescent processes in the combustion chamber and not from the
floodiight was ottained from films of test D-10. The fus2 on the
engine floodlight was blown on test D-10, with the result that com-
bustion provided the only observable light source for the films.
When the engine i¢::ited, incandescence from the combustion process
was visible. After shutdown, the 1ight pulsations were visible,
proving that the light pulsations were not caused by the floodlight.

The chamber window for the Milliken I camera was partially obscured

by brewn-colored liquid deposits which were formed during the

shutdown phase. It is believed that these derosits were nitrate
compounds, formed by incomplete reaction between the fuel and oxidizer.
The brown liquid was viscous, and was observed to boil slowiy at a time
when fuel and oxidizer were observed to freeze on the injector pintle
and on the combustion chamber walls. The brown deposits were present
for more than 3 minutes after shutdown, and were observed to slowly
boil away without freezing. There was no observable increase in the
amount of deposits following successive fivings.

Frozen fuel and oxidizer deposits were formed at the fuel and oxidizer
orifices within five seconds after shutdown. The frozen deposits were
formed over the lower third of the injector, and appeared to have low
mechanical strength. The deposits reached a maximum length of
approximately 1/2 to 1 inch before being ejected from *he injector
orifices. The oxidizer orifices appeared to be clear at approximately
15 seconds after shutdown, and the fuel orifices appeared to be clear
at approximately 1 minute after shutdown.

5.2.3 Detonable Compound Deposits

Samples of the brown-colored deposits observed on movie films were
obtained after several runs. Sample analyses were obtained for runs
p-3, D-2, D-3, D-4, D-5, D-7, D-8 (two locations), and D-10. All
samples contained nitrated fuel and absorbed water. ihe nitrate con-
centration ranged from 20% to 67%. The remaining content varied some-
what between samples, but included hydrated nitrates, hydrocarbons,
ammonium nitrate, and minor amounts of metal nitrates.

The presence of nitrated fuel in these samples was significant. Nitrated
fuel (such as N2H5NO3) and ammonium nitcate are expected products from

5-10
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5.2.3 Detonable Compound Deposits (Continued)

non-hypergolic reaction of the propellants. The nitrated fuel in
crystalline form as found on the pintle tip, post run D-8, was a
unique observation. Heretofore, it had been produced during engine
testing only in liquidous residues.
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SECTION 6 - SPS ENGINE AND INJECTOR TT<TS AT AEDC
6.0 GENERAL

The engine restart tests at Arnold Engineering Development Center
(AEDC) were conducted to investigate the restart performance of the
SPS engine and establish flight restart constraints. Tests were
conducted in the J-2A horizontal test cell under simulated space
conditions. Testing was begun in May, 1968 and completed in
September, 1968.

The AEDC "A" test series was divided into seven "air periods" - AA
through AG. In the course of these tests, there were 68 engine starts
made, for a total burn time of 25.2 seconds. Te < were conducted
under nominal conditions, except for propellant ai¢ hardware tempera-
tures, which were varied from 35 + 5 to 65 + 5°F.

The SPS injector cold flow tests at AEDC were conducted to investi-
gate propellant venting characteristics, evaporative freezing effects,
and the sublimation rate of frozen propellant remaining in the
injector manifoid, when exposed to vacuum.

The cold flow testing consisted of three phases: phase I - oxidizer,
phase 1I - fuel, and phase 11l - fuel and simulated oxidizer. Propel-
lant temperatures were conditioned between 20°F to 80°F prior to the
start of a test.

Detailed information covering the AEDC test facility, engine configura-
tion, instrumentation, and test series conduct is presented in Appendix
D for both the restart and cold flow test series.

———— - — - ] =
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6.1 TEST OBJECTIVES AND REQUIREMENTS (ENGINE RESTART)
6.1.1 Test Objectives

The AEDC SPS engine restart tests were conducted to verify the SPS
restart capability at simulated space conditions and nominal and

coid (35°F) system and propellant temperatures. In addition, the

tests were to: establish any flight constraints required to avoid
undesirable or detrimental restart conditions; establish flight
instrunentation which would verify that a safe condition exists for
engine restarts; identify modifications which would provide for un-
lirited restart capability; obtain adequate data to define any potential
prcblem such that the results and conclusions can be applied to both
the LMAE and LMDE restart capabilities.

i 6.1.2 Test Requirements
This test plan included the following test requirements:

i 1. The simulated altitude pressure must be equal to or greater
than 180,000 feet.

¢. The engine hardware and propellants to be conditioned at

=l
~,
3

N S-S D
R b TR e

: 35 + 5°F.

Lo

é}: 3. Engine propellant inlet pressure shall be set for a nominal
R mixture ratio (0/F) of 2.00.
- B

§§: 4. The propellants used shall meet the following specifications:
& Fuel MIL-P-27402
Vg Oxidizer MSC-PPD-2A

g&

«
o
.

After each test period, provided test chamber conditions

%& permit, the test hardware shall be inspected through the
ﬁ% view ports for any residues, salts, or other foreign or
> unknown deposits. Samples shall be taken of deposits and

chemicaily analyzed.

6. During the checkout firings, the propellant feed system dynamics
shall be evaluated to determine if modifications are necessary
to more closely represent flight conditions.

7. A11 firings will be conducted with the bipropellant valve in
the "dual-bore" (AB) mode.
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6.1.3 Test Planning

The tes;t plan for the SPS engine restart investigation called for engine
restarts at simulated space conditions to establish any flight constraints
required to avoid undesirable or detrimental restart conditions. A full-
scale, flight-type injector-chamber (area ratio 6:1)-propellant valve

was to be tested at simulated altitude conditions to determine the
res*art characteristics. The hardware and propellants were to be
conditioned to the temperatures estimated for the lunar voyage (40-
60°7). The firing durations were to be such as to produce the most
adverse condition (propellant freezing) for restarts. The coast periods
(time between restart and initial firing) was to be reduced 1n time

until an adverse condition is achieved or the test cell capabilities

are exceeded. A second restart was to be conducted at each condition
with a firing time of sufficient duration to assure that the engire is
operating properly as indicated by chamber pressure. Since the test
condition achieved during the restart investigation may not be as

severe as those experienced in space, tests were also planned to be
conducted with propellants which were artificially inbled into the
injector prior to ignition. The propellant inbleed rate was to be
sufficient to induce propellant freezing.

The SFS engine restart test plan included two phases: phase I - checkout
phase and phase (I - restart investigation. The primary objective of
the checkout phase was to:

1. Determine test cell capability
2. Verify instrumentation and data systems

3. Verify inlet propellant pressure and losses due to line
lengths

4., Determine the minimum f 'ring duration required to fill
the injector cavities with propeliant without inducing
a temperature rise in the injector face or ablative chamber
walls, This will be called Ty. (The initial firing will not
be used for timing hecause the volume between the series
redundant balls of the propellant valve are not filled with
propellant.)

5. Determine the minimum firing duration to obtain the nomiqal
engine rated thrust level (based on chamber pressure) for
0.05 to 0.1 second duvation. This will be defined as T,.

6. The time between firings will not be critical. Initial data
review will be from control room parameters.

6-3
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6.1.3 Test Planning (Continued)

The test cell, hardware, and propellants were to be at ambient
(70°F) temperature conditions. Five to ten firings were to be
conducted to determine Ty and T3.

The planned SPS engine restart investigation tests are as follows:

TEST SERIES  NO. OF ENGINE * INITIAL PROP.  CCAST TIME
STARTS  FIRING TIME-SEC. & HDWR. TEMP. SEC.

i I 3 0.37 35 + 5°F 1800

11 3 0.37 35 + 5°F 600

B 111 3 0.37 35 + 5°F 180
L v 3 0.37 35 + 5°F 60

v 3 0.37 3 + 5°F 20

VI 3 0.37 35 + 5°F 8

VIl 3 0.37 35 + 5°F FACILITY

) MINIMUM

.ﬁ;‘

W *The last firing in each series will be of a duration to

o obtain the nominal engine rated thrust level (based on

¥ chamber pressure).

i
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6.2 TEST RESULTS (ENGINE RESTART)
6.2.1 Sigrificant Results

Significant results of the AEDC SPS engine testing include meeting

test objectives in Section 6.1, the occurrence of freezing temperatures
in the injector manifolds, and the occurrences of hard starts. The
results of the SPS engine tests are summarized in Tables 6-1 and 6-2.
Test series AA and AB are not included in the summary because the:

were facility checkout firings and data were not evaluated. A more
detailed treatment of the AEDC test results is presented in Section 7.7.

6.2.2 Pho=ographic Results

The photographic coverage of the SPy restart tests was limited because
of the technique used, i.e., fiber optics. The photography did show
frozen propellan® on the injector face, hub, and baffles immediately
after every shutdown, and prior to ignition for the propellant inbleed
tests. It was not possible to determine any correlation between

frozen propellant as photographed and the characteristics of a restart,
Photographic coverage was discontinued after the quartz window was
found damaged during the AE test series.

6-5
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6.3 TEST OBJECTIVES AND REQUIREMENTS (INJECTOR COLD FLOW)
6.3.1 Test Objectives

The SPS injector cold flow tests were conducted to establish baseline
data for an engine restart. The basic test ob] :tives of the injector
cold flow tests were to:

1. Determine propellant venting characteristics under vacuum
conditions.

2. Determine the relationship of venting characteristics and
initial propellant and hardware temperatures.

3. Determine if propellant freezing occurs in the injector mani-
folding, and the mass of frozen propellant remaining.

4, Determine the sublimation rate of frozen propellant and time
for all propellant to vent from the injector manifolding.

5. Determine if frozen residuals tend to obstruct propeliant
flow passages and orifices.

6.3.2 Test Requirements
The test plan included the following requirements:

1. The injector will be initially filled with the test fluid
and be confined in the test chamber at the vapor pressure
of the fluid concerned.

2. Tests will be conducted using N,04, Aerozine-50, and Freon MF.
6.3.3 Test Planning

The test plan for the SPS injector cold flow testing called for simu-
lating the effects of engine short firings and shutdown in a vacuum.
The short burn adds very little heat to the system and residual
propellants remain in the injector manifolds after shutdown. These
propellants can evaporatively freeze and remain in the injector mani-
fold for long periods after shutdown. The cold flow tests will be
conducted to define the magnitude of these effects and indicate any
additional testing that would be required.

The SPS injector cold flow planned tests are as follows:

6-12
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6.3.3 Test Planning (Continued)
INITIAL TEMPERATURE
TEST NO. | (PROPELLANT & INJECTOR) | FUEL SIDE] OX SIDE

1 60°F A-50

2 60°F A-50

3 80°F A-50

4 80°F A-50

5 40°F A-50
6 40°F A-50
7 60°F N4
2 8 60°F N204
o g 80°F N20g
¥ 10 80°F N204
, 1 40°F N2Og
12 40°F N204
B 13 60°F - A-50 Simulated Oxid.
" 14 60°F A-50 Simulated Oxid.
L 15 80°F A-50 Simulated Oxid.
i 16 80°F A-50 Simulated Oxid.
e 17 40°F ; A-50 Simulated Oxid.
e 18 40°F A-50 Simulated Oxid.
e
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6.4 TEST RESULTS (INJECTOR COLD FLOW)
6.4.1 Significant Results

Significant results of the AEDC SPS injector cold flow tests include
meeting test objectives in Section 6.3.1 (except determination of mass
residuals), the occurrence of freezing temperatures in the injector
manifolds and inlet ducts for all three test phases, and the accumula-
tion of frozen propellants in the injector and inlet duct during the

tests with cold (30°F) propellants. Test conditions are summarized in
Table 6-3.

6.4.2 Visual and Photographic Results

Visuval and photographic coverage indicated several modes of venting.
Immediately after the 10 inch valve was opened, initial boiling

forced a large percentage of the propellant through the orifices in
liquid form. At warm temperatures (55 to 80°F) it is estimated that

a mejority of the initial propellant fi1l vented in this manner. This
venting mode lasted less than 5 seconds and was characterized by a
shower of porous ice crystals as evaporative freezing took place outside
the injector. Most of this ice was blown clear of the injector face as
it formed. In Prase II and Phase IIl runs, some of the liquid remained
on the injector tace and formed a dense ice sheet similar in appearance
to water frozen at atmospheric conditions. After forming, the ice
crystals, or sheets, remained up to several hours.

The venting process was observed internally through glass view ports
located in the manifold and duct areas. As the antechamber was opened
to vacuum conditions, violent boiling could be seen in both the mani-
fold and the duct. The manifold view ports quickly cleared in the 65

to 80°F initia, temperature runs. Various sizes of flakes formed at
55°F, and complete visual blockage of the port occurred with propellants
around 30°F. Similar action could be seen in more detail in the duct
view port.

As soon as the boiling had subsided enough for observation of the duct
interior, the liquid Tevel was near or below the bottom of the view
port. The boilirg continued, splashing liquid on the view port. In
general, as the internal pressure in the injector dropped, this 1iquid
would start abruptly to freeze on the window and later to sublime. This
action was most apparent in the tests made with initial propellant
temperatures below 55°F and occurred from 3 to 5 seconds into the
oxidizer runs and from 30 to 50 seconds into the fuel and combined fuel
and simulated oxidizer runs. Ice activity usually decreased shortly
after this occurred,

6-14
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TABLE 5-3
SPS INJECTOR COLD FLOW TEST CONDITIONS

TEEE L

PUN NO. DATE TEST FLUID | FLUID TEMPERATUKE®
OXIDIZER
1-2 12-15-67 N204 75°F
1-3 12-20-67 A 75°F
I-4 12-20-67 80°F
1-5 12-20-67 55°F
1-6 12-20-67 45°F
1-7 12-20-67 40°F
I-8 12-20-67 25°F
o 1-9 12-20-67 20°F
7. 1-10 12-21-67 Y 70°F
i I-11 12-21-67 Ny04 20°F
. FUEL
L 11-1 1-23-68 A-50 80°F
A IT-2%* - . .
% - T1.3% - . -
D 11-4%% - - -
x 11-5 1-26-68 A-50 30°F
e 11-6 . | 1-29-68 80°F
P 11-7 1-29-63 55°F
4 11-8 1-29-68 30°F
& 11-9 1-30-68 55°F
L 11-10 1-30-68 A-50 80°F
i3
FUEL & SIMU-
I11-1 1-31-68 | A-50 & Freon 80°F
M
111-2 1-31-68 h3°F
111-3 2-1-68 50°F
I11-4 2-1-68 53°F
111-5 2-1-68 30°F
I11-6 2-1-68__ | _ 30°F

N AT

* Value reflects desired results of pre-test temperature
conditioning. Actual propellant temperature at start of
test varied slightly.

** Data improperly recorded and could not be evaluated.
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6.4.2 Visual and Photographic Results (Continued)

At temperatures near 30°F and colder, the boiling started and an ice
slush began to form within a few seconds. The duct view port quickly
became covered from the slush forming in place and also from large
pieces falling from the duct above the port. The manifold view port
also became obscured, indicating that the slush fcvmed on surfaces
throughout the injector.
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SECTION 7 - ANALYSIS OF TEST DATA
7.0 GENERAL

Residual propellants remain in the Apollo spacecraft primary propulsion
system engine injectors and ducts after shutdown. These residuals
often lead to abnormal engine restarts because the normal oxidizer
lead time is reduced and/or the residuals freeze and obstruct injector
orifices or filters.

Experimental data were obtained on the volume of fuel residuals and
on the temperatures of the fuel, oxidizer, and injector assemblies
during cold flow testing. These data were used to select coast
periods and initial temperatures which were expected to produce hard
restarts during engine test firings.

The technical approach for the analysis of restart testing and
cold flow testing consisted of four basic steps:

1. Determination of fluid properties which affect the
propellant expulsion phenomena.

2, Analysis of cold flow and hot firing test data to determine
the volume and thermodynamic statve of the residual propellants
present at engine restart.

3. Analysis of hot firing tests to determine the effect of
residual propellants on engine restart characteristics.

4, Correlation of test results between engines and between
cold flow and hot firing tests.

This section presents an analysis of data from ARC and AEDC cold flow
tests, Boeing/Seattle hot firing tests and AEDC hot firing tests.

The correlation of test results between the three engines and between
cold flow and hot firing tests is presented in Section 8.
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7.1 THERMODYNAMICS AND FLOW

This section provides the technical basis for the analysis of propellant
behavior following engine shutdown in a vacuum environment. The quantity
and thermodynamic state (solid, liquid, vapor) of the propellants which
are present in an engine can have a significant effect on the engine
restart characteristics. The following paragraphs present the propellant
property data used to evaluate the thermodynamic state of the propellants,
and describe the boiling, sublimation and gas solubility phenomena which
affect the amount and state of the residual propellants.

7.1.1 Propellant Properties and Phase Diagrams

A summary of fuel (50% hydrazine  50% unsymmetrical dimethyl hydrazine)
and oxidizer (nitrogen tetroxide) properties is presented in Table 7-1.
This table provides the basic characteristics of the propellants at
specified values of temperature and/or pressure. However, the effect of
temperature and/or pressure variations on the properties cannot be
conveniently presented in brief tables. It is more convenient, when
analyzing thermodynamic processes, to employ phase diagrams plotted as a
function of pressure and temperature. This form of the phase diagram
allows the thermodynamic state of the propellants to be determined from
experimental measurements of pressure and temperature.

7.1.1.1 Oxidizer Phase Diagram

Figure 7-1 shows the N204 phase diagram with the phase regions identified.

These data were obtained from Reference 9. The phase boundary lines
separate the pressure and temperature regions in which the oxidizer can
exist in equilibriums as a single gas, 1iquid or solid phase. The
boundary lines define pressure and temperature conditions at which phase
changes occur. When the fluid exists at pressure and temperature values
which permit a phase change (i.e. on a phase boundary), the fluid can
exist as a single phase (gas, liquid or solid) or as a mixture of two
phases. At the triple point, where all three phase boundaries meet, the
oxidizer can exist as a mixture of solid, 1iquid and vapor. The
proportion of each phase present at triple point, or along a phase
boundary, depends on the energy content of the fluid. The amounts of
energy required to produce phase changes are called the heat of
vaporization, heat of fusion and heat of sublimation for the liquid-gas,
1iquid-solid and solid-gas transitions respectively.

7.1.1.2 Fuel Phase Diagrams

The fuel used in the APS, DPS and SPS engines is Aerozine-50. The allowable
composition 1imits for Aerozine-50, per Mi1 Spec Mil P27402A, are as follows:

7-2
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TABLE 7-1
PHYSIGAL PROPERTIES OF THE 50/50 FUEL BLEND AND N0y

5 PROPERTY 50/50 N204
Eg' Molecular Weight (avg) : 45.0 92.016
‘ Melting Point 18.8°F 11.84
%% Boiling Point UDMH at 14.7 psia 1460F
%% Boiling Point NoH, at 14,7 psia 2350F
i Boiling Point N0, at 14.7 psia 70.07°F
g% Physical State Colorless Liquid Red Brown Liquid
f-%% Density of Liquid at 779F and 14.7 psia  56.1 1b/ft3 89.34 1b/ft3
_liﬁ Viscosity of Liquid at 77°F 54.9 x 10'5 1b/ft-sec  .0002796 1b/ft-sec
& Vapor Pressure at 77°F 2.75 psia 17.7 psia
% Critical Temperature 634°F 316.8%F
L‘ig Critical Pressure 1696 psia 1469 psia
% Heat of Vaporization a25.8 81U/ <] 178 BTU/1b
g- Heat of Formation at 779F 527.6 BTU/1b -87.62 BTU/1b
Specific Heat at 77°F 0.694 BTU/1b-OF .374 BTU/1b-OF
‘ Thermal Conductivfty at 77°F 0.151 BTU/ft-hr-OF .0755 BTU/ft-hr°F
f; Heat of Fusion N.A. 68.5 BTU/1b

f}'l <:] Enthalpy charge required to change 1iquid 50-50 to vapor 50-50 at 75°F,

v
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7.1.1.2  Fuel Phase Diagrams {Continued)

Physical and Chemical Properties

Properties ' Limits
N2E4, percent by weight 5T max
UDMH plus amines, percent by weight 47 min
Water 1.8 max
Total hydrazine - uns-dimethyl-hydrazine and amines,

percent by weight 98.2 min

As & result of the allowable concentration variations for Aerozine-50, no
single thermodynamically consistent set of property data exist for Aero-
z'ne-50. The 50-50 (50% by weight of UDMH and 50% by weight of hydrazine)
phase diagram is a good approximation to the known properties of typical
Aerozine-50 mixtures and will be used in this report. 7lhe data used in

the preparation of the 50-50 phase diagrams were obtained from Reference 10.

Since 50-50 is a mixture of hydrazine and UDMH, the phase diagram shown in
Figure 7-2 is more complex than that of a pure substance. In Figure 7-2,

a liquid + vapor region divides the 1iquid region and the vapor region.

This region is a 1ine on a pure substance phase diagram. For 50-50, it is

a region hecause the composition of both the 1iquid and the vapor continually
changes from point to point in this region. In the upper part of this
region, the liquid phase has more than 50% hydrazine. In the lower

regions, the liquid is practically all hydrazine while the vapor has less
than 50% hydrazine. Along the lower line, the 1iquid has all been converted
to vapor so that the vapor composition is 50% hydrazine and 50% UDMH.

The 1iquid + vapor region is separated from the solid hydrazine + vapor
region by an almost vertical line. As this line is approached from the
liquid + vapor side, the pressure and temperature are sufficient to define
the composttion of each phase. When the 1ine is reached and the pressure
and temperature are held constant, all of the UDMH will vaporize and all of
the hydrazine in the liquid will solidify. If the pressure and temperature
are now adjusted to move to the solid hydrazine + vapor region, the solid
hydrazine will exist in equilibrium with the vapor phase, with the composi-
tion of the vapor phase continually changing by gaining or losing

hydrazine to the solid. As the lower 1ine in this region is reached, the
solidified hydrazine is completely sublimed and only 50-50 vapor is present,

In the solid hydrazine + 1iquid region shown in the upper left of the
figure, hydrazine is simply solidifying out of the solution as temperature
is decreased making the remaining liquid rich in UDMH. At any particular
position in this region, the composition of the 1iquid and the percent
hydrazine solidified is completely defined by the pressure and temperature.
There are additional phase regions at temperatures lower than shown on
Figure 7-2, but these will not be discussed since they are of no interest
to this study.
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7.1.1.2 Fuel Phase Diagrams (Continued)

The 50-50 phase diagram applies to a closed system which always has a
total composition of 50% UDMH and 50% hydrazine. In an injector, the
vapor pressure is vented to the vacuum chamber or space. In the solid
hydrazine-vapor region, the vapor in the venting case will be pure
hydrazine so that the 50-50 diagram is not applicable and the sublima-
tion curve for pure hydrazine should be used. However, the phase
diagram for hydrazine has a sublimation 1ine which is very close to the
dividing line between the solid + vapor and 50-50 vapor phases and a
boiling line very close to the lower 50-50 liquid-vapor line. The
freezing line is an extension of the line dividing the solid hydrazine
vapor-1liquid vapor regions. The triple point temperature of hydrazine
is 34°F and the pressure is .058 psia. Therefore, a separate diagram
' is not needed since the lower part of the 50-50 phase diagram is

RE adequate.

7.1.2 Boiling and Sublimation

80iling can occur when the injector manifold pressure drops below the
vapor pressure of the propellant. The type or character of the boiling
is governed by the degree to which the liquid is superheated, the
characteristics of the surfaces in contact with the 1iquid, and the
presence of nucleation sites within the l1iquid. When the pressure and
temperature data from the tests are plotted so that they can be compared
to the propellant phase data, it is obvious that the liquid is sufficient-
1y superheated to cause very violent boiling. Specifically, the vapor
pressure of the Tiquid {is significantly higher than the ambient pressure
to which the propellant is exposed. The important point is that the
rate of boiling 1s controlled by the difference between the injector
manifold pressure and propellant vapor pressure and not by the rate of
heat addition to the liquid.
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The total amount of propellant boiled off prior to reaching the freezing
point is, however, determined by the heat input to the liquid. Thus,
there is an upper and lower 1imit on the amount of propellant that can
be converted to vapor by the boiling process. The upper limit is
attained whan the heat added is equal to the heat of vaporization of

all of the liquid. The Tower 1imit occurs when no heat is added to the
1iquid and the heat of vaporization is supplied by the heat capacity

of the liquid. The heat balance for this case is (ch :y-

1A 4"‘:"‘:}#:'2@’ e

dr . dm Me -
mcpa-{ -h1va-_-r-,07‘.ﬁ!- e ]’\T:;E
i after integrating and solving for the ratio of final mass (ms) to the
R initial mass (mig. The heat balance uses the propellant mass (m), the
e constant pressure specific heat (Cp), temperature (T), time (x), and

the enthalpy of vaporization (). The mass of propellant which must
be vaporized to produce a temperature change of AT degrees is (my - m¢),
or, the fraction vaporized 1s (1 « mg/my).
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7.1.2 Boiling and Sublimation (Continued)

The table below shows values for the mass ratio (mg/m;) required to
produce a range of temperature changes for NoOs, UDMH, and hydrazine,
Since the initial boiling of Aerozine-50 is primarily the vaporization
of UDMH, the data given for UDMH is representative of A-50 boiling.

FINAL MASS/INITIAL MASS

: AT UDMH HYDRAZINE N20g
£l °F - - -
i 10 .9728 .9873 .9793
o 20 .8462 .9748 .9592
a 30 .921 .9705 .2395
i 40 .896 950 920
g 50 .871 .938 901

i For the Ny04, an evaporation of only 10% of the 1iquid will cause a
50°F temperature drop in the remaining liquid. For the Aerozine-50,
about 13% evaporation is required to drop the temperature 50°F.

i The auount of oxidizer which must be evaporated to solidify the remaining
oxidizer can be determined from an energy balance. Equating the energy

j% released during solidification to the energy required for vaporization

§§ gives the relation

& (1-x)hg = xhyy or x = 1/(1 + hyy/he)

i% where x is the fraction of fluid evaporated, hf is the enthalpy of fusion
F and hyy is the enthalpy of vaporization. For Ny04, the ratio (hyy/hf)

e
0y

is 2.60. Therefore, evaporation of 27.8% of the N204 at the freezing
temperature would freeze the remaining 72.2% of the N204. To drop the
N2Og4 temperature 50°F and then freeze the remainder would require the
evaporation of 35% of the N20O4, leaving the remaining 65% to be removed
by sublimation.

(S Lo

*

. 'ég‘k")w.s ""3} , K

&

"
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A similar analysis for the 50-50 fuel is more complicated because the

fuel is a mixture which has several phase boundaries (see Figure 7-2).

The boiling and freezing processes are actually fractional distillations
because the composition of the vapor, liquid and solid phases is, in
general, a function of temperature and pressure. Since the UDMH vapor pres-
sure is significantly higher than the hydrazine vapor pressure, the main
boiloff product is UDMH. An approximate analysis can be made by assuming
that all of the cooling and freezing processes are caused by the evapora-
tion of UDMH, and that the amount of hydrazine remains constant. Evapora-
tive cooling of the 50-50 fuel mixture will require evaporation of
approximaiely twice as much UDMH as would cooling of the UDMH component
alone. Thus, cooling the 50-50 mixture by 40°F will require evaporation
or boiloff of 20.8% of the UDMH. The amount of UDMH boiloff required
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7.1.2 Boiling and Sublimation (Continued)

to freeze hydrazine can be determined from the ratio of the hydrazine
heat of fusion to the UDMH heat of vaporization. This ratio is .678,
which means that .678 1bs of UDMH must be evaporated to freeze 1 1b.
of hydrazine. Therefore, 88.6% of the UDMH must be evaporated to cool
the mixture 40°F and to freeze all of the hydrazine.

When all of the liquid has boiled off or solidified, the remaining
solid must be removed by sublimation. The rate at which sublimation
can occur for a given solid is proportional to the area avaiiable

for sublimation and to the difference between the pressure of the
vapor in contact with the solid and the vapor pressure of the solid.
Thus, the rate of sublimation is zero when the solid is in equilibrium
with its vapor. Test results indicate that the sublimation process

is far out of equilibrium because the measured manifold pressures are
much Jower than the vapor pressures of the solidified propellants.

7.1.3 Gas Solubility

Helium and nitrogen are dissolved in the propellants during the propellant
storage and propulsion system pressurization periods. When the pressure
on the: propellants is reduced, these gases come out of solution, or,
effervesce, Following engine shutdown, the propellant manifoid pressures
fall rapidly, allowing dissolved gases to come out of solution. As the
gas bubbles form, propellants are displaced and are forced out through

the injector orifices. This sectiun describes the relationship between
the amount of dissolved helium and the volume of fuel and oxidizer which
can be displaced as the gas comes out of solution after engine shutdown.

Figure 7-3 shows the solubility of helium in N204 and Aerozine 50.
These data were taken from Reference 12. The difference in the solu-
bility at two different pressures is

AS = k AP

where k is the slope of the curves shown in Figure 7-3. Note that the
solubility is zero when the total pressure equals the vapor pressure
of the propellant. The volume of helium l1iberated per gram of propellant
in going from a saturated pressure, Ps, to some lower pressure, P, is
given by

Scc = 1.4 (10)=3 (Ps - P)  NoOg

Scc = 4,75 (10)~% (Ps - P) A-50

The volume (V) occupied by 1 standard cubic centimeter of helium at any
pressure, P, and a temperature of 75°F is

V(ce) = 1%41 (scc)

7-9
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7.1.3 Gas Solubility (Continued)

Thus, the volume of helium that can be liberated when the pressure
drops from the saturated pressure to some lower pressure, P, is
given by

V(ce) = 17.1 (1.4) (10)-3 jfgﬁ;_ﬂl per gram of N204
V(cc) = 17.1 (4.75) (10)-4 £E§$:_El per gram of A-5(C

Using a vapor pressure of 17 psia for NoOy and 2 psia for A-50, and a
saturation pressure Ps of 190 psia (Sea%tle saturation pressure for
the ascent engine) the following liberated volumes are obtained:
N20g .243 cc per gram
A-50 .765 cc per gram
For the descent engine the saturation pressure was 240 psia and the
volumes liberated using the vapor pressures previously stated are:
N>04 .313 cc per gram
A-50 .97 cc per gram
Note that in each case that the volume liberated from the A-50 is
considerably greater than for the oxidizer. This occurs because the

vapor pressure of the A-50 is so much lower than the NyOg. On the
basis of standard cubic centimeters, the folicwing values are obtained:

Ascent Descent
A-50 .098 scc .102 scc
N20s .225 scc .31 scc

Thus, by the time the manifold pressure reaches standard pressure

(14.7 psia) approximately one tenth of the volume of the A-50 could

be displaced by helium and by the time the boiling point of A-50 is
reached around 80% of the volume of A-50 could be displaced. With

the NyO4, about 45% can be displaced at the standard pressure condition,
which is close to the boiling point of N20s.

The preceding calculations show that the effervescence of dissolved gases
can displace significant amounts of fuel and oxidizer from the injector
and ducts. This can occur during the shutdown phase, before boiling
commences.

7-1]
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7.1.4 Determination of Mass Residuals

The volume of propellant residuals will affect the manifold priming
times during engine restarts. Significant differences between fuel
and oxidizer residual volumes will affect the normal propellant
lead/lag relationship, and may cause hard restarts. Fuel residual
volumes were measured during the ARC cold flow tests, but no res®dual
measurements were made during the Seattle hot-firing tests. The fuel
and oxidizer residual masses for the Seattle tests were estimated by
calculating gas Tlow rates through the injector orifices. Calculations
began at the start of boiling. The mass flow rate equation for isen-
tropic choked flow of a perfect gas is:
CpA

dm _ pP n 2 +

T ﬁgmh
where A is the orifice area, T is the gas temperature, n is the gas molec-
ular weight, P is pressure, Ro is the universal gas constant, m is mass,
t is time, Cp is the orifice discharge coefficient and y is the specific
heat ratio. The total mass removed in a given time period is obtained
by integrating the mass flow rate equation:

CDA +]

- D _Jyn 2

am ‘[?.q\l%é- (;;T) z:T"}{;dr

This equation assumes that the gas properties, orifice area, discharge
coefficient, and average temperature are constant over the time interval.
When this method is used, there are several sources for error. First,
the orifice area and the discharge coefficient may be changed by frazen
deposits in the injector holes. For this analysis, the discharge coeffi-
cient was estimated to be 0.8 for a square eage orifice discharge into

a vacuum, and the injector orifices were assumed to be clear of frozen
deposits. During the first few seconds of boiling, some of the holes

may be flowing liquid or two phase fluid which would increase the actual
mass flow rate. In addition, the molecular weight of the gas products

is not constant, For the fuel sids, the predominant species during the
early stages of the coast period is UDMH and during .ne final stages it
is hydrazine., For the same pressure and temperature conditions, the flow
of UDMH is about 37% greater than the flow of hydrazine. The temperature
of the vapor ‘s not necessarily the same as the temperature of the liquid
by the time tte vapor reaches the injector holes. However, since the
flow rate is inversely proportional to the square root of the absolute
temperature, a 10° to 20° error in temperature could cause only a 1%
error in flow rate.

Calcuiation of the Rocketdyne injector fuel residuals was based on an
injector orifice area of .20 in¢, molecular weight of 60.08, specific
heat ratio of 1.125 and discharge coefficient of 0.8. Using these
values and an average temperature of 470°R, the mass flow rate equation
becomes:

7-12
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7.1.4 Determination of Mass Residuals (Continued)

am = .00516fpd1

Assuming that all of the UDMH is gone at 100 seconds, the integral
pdr = 36.2 and the mass of UDMH expelled is .187 pounds. Since the
origiral mixture had even weights of UDMH and hydrazine, the total
inizial mass is calculated to be .374 pounds. The integral from 100
to 800 seconds gives a mass of .2 pounds when based on hydrazine flow
during this period. This is good agreement with the UDMH flow calcu-
lation since the initial composition was approximately 50% hydrazine
and 50% UDMH.

Using the value of .374 pounds for the residual fuel at the start of
boiling, and assuming that the flow is entirely UDMH for the first 190
seconds and entirely hydrazine during the r.mainder of the time gives
a mass residual curve as shown in Figure 7-4 for the ascent fuel side.
Also shown are the mass residuals data obtained from the ARC distilla-
tion tests. The experimental data are significantly lower than the
calculated values for coast times of less than 300 seconds. The ex-
perimental data are believed to be in error because approximately

300 cc of fuel (.6 1bs) cannot drain from the fuel duct, and should be
present when boiling starts. The calculated value of .374 lbs is
reasonably close to the amount of trapped fuel, but the experimental
data are significantly lower.

Figure 7.6 shows the mass residual curve obtained for the fuel side of
the descent injector. This curve was generated in the same way as
discussed for the ascent engine. The injector orifice area used in the
calculation was .084 in¢, Also shown are data from the descent injector
distillation tests performed at ARC. The calculated residuals show
excellent agreement with the measured residuals.

Figures 7.5 and 7.7 show the mass residual curves for the ascent and
descent engine oxidizer sides. No distillation test for the oxidizer
was conducted at ARC.

The table below shows the total injector and duct volume for each of
the engines and the volume of mass residual calculated for a 10 second

coast period.
Total Residual Emgt* Volume % Change in
Volume Volume otal Volume Priming Time

Ascent
Fuel 62.7 in3  11.05 n3 .825 -17.5
Oxidizer 20.1 4.4 .782 -21.8
Descent
Fue] 80.1 17.35 .783 -21.7
Oxidizer 56.6 11.25 .801 -19.9
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7.1.4 Determination of Mass Residuals {Continued)

The change in priming times resulting from the presence of propellant
residuals could be determined from a dynamic analysis of the priming
process. No data are available on such an analysis. A reasonable
estimate of the change in priming times can be made by assuming that
the fractional change in priming time is directly proportional to

the ratio of empty volume to total volume. This ratio is shown in
the table along with the percent change in priming times, Note that
these are maximum changes for coast times greater than 10 seconds
since there will be smaller amounts of residual propellants at any
later time.

Measured priming times taken from the Ascent checkout firing show

fuel priming time to be .264 seconds and oxidizer priming to be .224
seconds. Using these values as nominal, one would expect the priming
times on restart after a ten second coast to be .218 seconds for

fue' and .175 seconds for oxidizer. Thus the oxidizer lead would
increase from .040 seconds to .043 which is certainly not significant.
An Ascent engine fuel lead could be obtained after a 10 second coast
only if the oxidizer side were completely empty, while the fuel side
retaired the calculated amount of residuals. This would produce a
nomini1 oxidizer priming time (.224 seconds) while the fuel priming
time would be reduced to .218 seconds by the presence of residual
fuel. Note that this is a worst case assumption for coast periods

of more than 10 seconds, since the fuel residuals will decrease,

¥ and their effect will decrease, as coast times increase. In addition,
test data and calculations do not support the assumption that all of
the oxidizer residuals have been eliminated by the end of a 10 second
coast.

An alternate approach is to assume that equal times are required to
fi11 equal fuel and oxidizer side volumes., Simultaneous fuel and
oxidizer injection wili then occur when the empty volumes in the fuel
and oxidizer sides are equal. This criteria provides an approximation
to the maximum fuel residual volumes required to eliminate the oxidizer
lead. Specifically, the oxidizer lead can be eliminated when the

empty volume in the fuel side is equal to (or less than) the total
oxidizer side volume. Therefore, the volume of fuel residuals required
to eliminate the oxidizer lead is:

SRS, R Bt

e

Vol (fuel residuals) = Vol (fuel side) - Vol (oxid. side)
For the ascent engine the required fuel residual volume is:
Vol (fuel residuals) = 62.7 - 20.1 = 42,6 in3
7 For the descent engine the required fuel residual volume is:

Vol (fuel residuals) = 80.1 - 56.6 = 23.5 in3
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7.1.4 Determination of Mass Residuals (Continued)

The above calculations show that the ascent engine fuel side must
contain 1.5 1bs of fuel and the descent engine fuel side must contain
.8 1bs of fuel, when the oxidizer side is empty, in order to eliminate
the oxidizer lead. The calculated and experimental test data show

that these weights of fuel are not present at coast times of more
than 10 seconds.

At shorter coast times {less than 10 seconds), the residual volumes
will increase and tend to reduce the oxidizer lead. However, the
concept of an "oxidizer lead" or a "fuel lead" is not valid at very
shert coast times since combustion is occurring for several seconds
after shutdown., As a result, the incoming flow of propellants is
injected at pressure and temperature conditions which produce smooth
combustion. Restarts after short coast periods represent a continu-
ation of the previous combustion process rather than a reignition

of the combustion process. Test data confirm that "restarts" after
coast periods of less than 10 seconds produce smooth "reignitions".

On the basis of these calculations, it can be concluded that the
change in the lead lag relationship due to the volumes being partially
filled is not important for the ascent engine. The changes that are
observed are more likely caused by flow restrictions such as plugging
of the screens. Due to instrumentation difficulties, a similar
calculation for the descent engine cannot be made. However, the

change in the lead/lag relationship is even smaller than for the ascent
engine and there is no indication from the test data or combustion
chamber photographs that the oxidizer lead was lost.
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7.2 ARC COLD FLOW TEST ANALYSIS

This section presents and discusses selected test data from the cold
flow tests run at the Atlantic Research Corporation (ARC) High
Altitude Test Facility. The objective of the ARC test series was to
investigate the propellant and injector phencmena occurring after
engine shutdown in a vacuum, The test data were analyzed to determine
the effects of significant test variables {coast time, initial
tempera*tures, number of propellant flow pulses), and to provide »
basis for comparing the cold-flow test results to the hot-firing test
results. Temperature histories and propellant phase histories are
presented to provide the basis for comparison. Appendix A of this
report describes the ARC test facility and provides a description of
the test series run with the Bell, Rocketdyne and TRW injectors.

7.2.1 Bell Ascent Injector, Phase I

Selected test data from the Phase I Bell ascent injector test series
8re presented in Figure 7-8. This figure shows the injector tempera-
ture history for Test #9, which was a 5~-pulse fuel flow. No oxidizer
simulant was used during this test. Quantitative data were 1imited
because temperature data from only 4 thermocouples were reported.
Fuel manifold pressure data were not reported because of doubtful
accuracy of the 0-250 psia transducer in the pressure range of
interest (0-5 psia).

Temperature data from test #9 show the injector cooling effect of
repetitive fuel flow pulses. Thermocouple #12 was located at the
bottom of the injector i the outer fuel manifold, and thermocouple
#14 was located in the fuel duct, between tne injector and the ball
valves. The coast period following the first fuel flow produced the
Towest reported temperature during this test, 29F. The injector was
cooled significantly (40°F) during the first two coast periods, but
was cooled only 109F during the third and fourth coast periods. The
minimum injector temperature was essentially unchanged during the
fifth period. Shortly after the first propellant pulse, the injector
temperature fell below the freezing temperature of the fuel, and
remained there during the rest of the test. However, no reduction in
fuel flow was noted during the second through fifth fuel pulses.
Motion pictures of the test showed that cones of frozen fuel were
formed on the injector and baffle after the first fuel flow. These
deposits are blown away by each succeeding fuel pulse, but reform
immediately from the fuel "snow" flowing out of the injector orifices.
It is apparent that during this test the injector orifices were not
significantly blocked by the frozen fuel deposits, probably because
the “"snowy" consistency of the deposits was unable to support any
significant pressure difference.
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7.2.2 Bell Ascent Injector, Phase II

Selected test data from the Phase II Bell ascent injector test series
are presented in Figures 7-9 through 7-14. These data are representa-
tive of the test results obtained during the Phase Il program.
Figures 7-9 through 7-12 show injector temperature histories. Fuel
manifold temperatures are plotted versus fuel manifold pressures on
Figures 7-13 and 7-14 so tha®t propellant phase histories could he
established.

The injector temperature histories, Figure 7-9 through 7-12 present
thermocouple data for the first and second fuel flow pulses of test
#46 (400F) and test #60 (70°F). A total of 14 thermocoupl.; were
installed for the Phase II tests but data were reported for only

four of them. Thermocouple data were presented for 1C-1 (left side of
outer fuel manifold), TC-8 (right side of outer fuel manifeld), TC-12
(botton of outer fuel manifold), and TC-14 (fuel duct). Thermocouples
TC-8 and TC-14 were inserted into the propellant flow passages, and
therefore indicate temperatures of the A-50 1iquid. Temperature data
from TC-14 were used to prepare the propellant phase histories
presented on Figures 7-33 and 7-14.

These taermal histories show that the propellant in the fuel duct was
cooled more rapidly, reached a lower temperature, and warmed more
rapidly than did the propellant in the injector. These phenomena can
be attributed to the varying heat sink and heat transfer properties

of the components. The fuel duct has less mass than the injector, and
is therefore cooled more rapidly, and to a lower temperature than the
injector. However, when the injector is cooled to a low temperature,
it remains at the low temperature for a longer period of time because
it is thermally isolated from the valve assembly and propellant supply
system by the fuel duct. Heat transferred from the valve body must
first warm the propellant duct before the injector can be warmed.

The increase in fuel duct temperature to approximately 34°F, at 100-300
seconds after the first fuel pulse, is attributed to the collection of
frozen hydrazine in the region of thermocouple TC-14. This interpreta-
tion is based on the fuel phase history, which is déscussed in
subsequent paragraphs. The increase in injector temperature beginning
at about 2000 seconds (Test 46, second pulse) is attributed to the
decreasing volume of frozen fuel residuals, which reduced the total
cooling capacity of the sublimation process. The injector temperature
increased when the rate of sublimation cooling decreased below the

rate of conductive and radiative heating from the test facility.

The propellant temperature versus pressure data are plotted on the
phase diagram for a 50-50 mixture (by weight) of hydrazine (N,H,) and
UDMH (CN,H.). The 50-50 diagram shows the possible combinatiang of
vapor, I?qﬁid and solid phases which can exist in various temperature
and pressure regions. These regiaéns are separated by phase boundaries
which indicate the pressure and temperature 1imits for the existence

7-22
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7.2.2 Bell Ascent Injector, Phase II (Continued)
of single phases {1liquid, solid, or vapor) or combinations of phases.

The phase diagram provides a useful frame of reference for evaluating
propellant pressure-temperature or phase history, data. A brief
discussion of test data from dual fuel pulse tests #46 and #60

(Figures 7-13 and 7-14) will illustrate the pressure-temperature data
evaluation procedure. These figures show the temperature data from
TC-14, located in the fuel duct, plotted against the pressure data from
the 0-5 psia transducer located on the injector fuel manifold. The
data for the first pulse of test #46 show an initial rapid pressure
decrease without a corresponding temperature decrease. The propellant
phase history crossed the phase boundary separating tge 1iquid region
from the liquid plus vapor region, at 1.0 psia and 50°F. 1In the

1iquid plus vapor region, continued pressure decreases resulted in
temperature decreases because the liquid was cooled by evaporation., The
evaporation, or boiling, process removed the heat of vaporization from
the remaining 1iquid, thereby cooling it. The vapor formed during

this process was principally UDMH, because UDMH has a significantly
higher vapor pressure than hydrazine.

At a prussure and temperature of 0.5 psia and 34°F, the phase history

for test #46 crossed the boundary separating the liquid plus vapor

region from the solid hydrazine plus vapor region. The phase history
would not have crossed this boundary if the evaporation process had

been in thermodynamic equilibrium. An equilibrium process would have
proceeded along the phase boundary, with vaporization of UDMH producing
frozen hydrazine. The actual phase history indicates that the process
was not in thermodyramic equilibrium and that 1iquid UDMH was present in
the "solid hydrazine plus vapor” region. Evaporation of the UDMH cooled
the residuals below the freezing temperature of the mixture, causing
hydrazine to freeze out of the mixture. The relative concentration of
frozen hydrazine increased, producing a 1iquid mixture which had an
increasing concentration of UDMH. This occurred because the heat removed
by the evaporation of one pound of UDMH (246 BTU) was sufficient to
freeze approximately 1.5 pounds of hydrazine. The total amount of UDMH
was continually decreased by evaporation, causing the rate of cooling to
decrease. Heat transfer from the test facility then warmed the residuals
to the freezing temperature of hydrazine.

At a pressure of 0.084 psia and a temperature of 34°F, the phase history
crossed the boundary separating the "solid hydrazine plus vapor" region
from the vapor region. This does not justify a conclusion that the
residual propellants had completely evaporated or sublimed, because
measurements of mass residuals show that significant amounts of
propellant remained in the manifolds at this time (200 seconds). This
disagreement between analysis methods is the result of the non-
equilibrium propeliant vaporization process.
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7.2.2 Bell Ascent Injector, Phase II (Continued)

Comparison of the phase histories for tests #46 ang #60 sh8ws that an
increase in initial propellant temperature from 42°F to 60°F caused an
increase in the rate of fuel cooling. During test #60, the residual
fuel was cooled approximately 30°F during the first 30 seconds of the
test, but the residual fuel was cooled only 14°F during the first 30
seconds of test #46. The cooling rate was increased by the higher
boiling ratgs resulting from the increase in vapor pressure between
42°F and 60°F.

The phase history for test #60 indicates that there were two "minimum"

temperature periods during this test. This phenomena occurred during

most of thg Phase II Bell injector tests, but was more pronounced at
o warmer (70°F) initial propellant temperatures. The first "minimum"
K temperature occurred 30 seconds after the start of the fuel flow pulse.
The temperature increase after this time occurred because the rate of
evaporative cooling had decreased, allowing the duct éemperature to
increase to the freezing temperature of hydrazine (34°F). The decreased
cooling rate indicated that the 1iquid UDMH was essentially depleted,
and the temperature level indicated that the remaining fuel consisted of
frozen hydrazine. Comparing the fuel residual data (Figure 3-1) to the
evaporation required to cause complete freezing (see Section 7.1.2)
confirms that sufficient fuel had been evaporated after 30 seconds to
cause complete freezing of the residual hydrazine. The second "minimum®
temperature occurred after the manifold pressure had decayed below the
hydrazine triple point pressure, causing an increase in the rate of
suyblimation. The increased rate of sublimation caused decreasing duct
temperatures, until the residual hydrazine was essentially depleted.
After hydrazine depletion, heat transfer caused a temperature increase.

The phase histories for tests #46 and #60 show that the fuel started to
boil in 3 to 5 seconds after the start of the 1/2 second fuel pulse, and
started to freeze approximately 15 seconds after the starg of the fuel
pulse. These times were essentially the same for both 40°F and 70°F
propellant temperatures and for both tirst and second coast periods.
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7.2.3 TRW Descent Injector

Selected test data from the TRW descent injector test series are
presented on Figures 7-15 through 7-20. Figure 7-15 is a temperature
history of the injector fog test #18, run at an initial propellant and
injector temperature of 40°F. Figure 7-16 is the fuel phase history
for the first coast period of tests #12 and #18, and Figure 7-17 is the
fuel phase history for the second coast period of test #12. Fiqure 7-18
i is the oxidizer phase history for tests #25 and #26. Figures 7-19 and
K 7-20 present a comparison between duct surface and immersion thermo-

A couples.

The injector temperature history presents thermocouple data from the
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7.2.3 TRW Descent Injector (Continued)

oxidizer duct immersion probe {TC-116), the uel duct immersion probe
(TC-113), the fuel manifold top (TC-5), side (TC-3) and bottom (TC-12),
and tae injector mounting flange (TC-9). The oxidizer duct thermo-
coupie shows that the simulant (Freon TF) reached a minimum tempera-
ture (-6°F) and then increased in temperature before any significant
fuel side cooling occurred. This effect was caused by a combination
of high simulant vapor pressure and low fuel injector AP. The high
simulant vapor pressure caused rapid evaporation and cooling on the
oxidizer side. The low fuel injector AP caused low fuel vapor flow
rates, which suppressed the fuel side evaporative cooling.

The fuel side cooling was significantly greater in the injector
manifold than in the fuel duct, indicating that a major part of the
fuel residuals were trapped in the injector manifold.

The low injector temperatures at one hour after the propellant flow
indicates that frozen fuel residuals were still present. This
conclusion is confirmed by the data from propellant residual measure-
ments.

The fuel phase hisiories, Figures 7-16 and 7-17, are plots of the
injector fuel manifold temperature (TC-12} versus the injector fuel
manifold presstire. The external fuel manifold thermocouple, located
at the bottom of the manifold, was chosen for the phase histories
because residuals are located in this area for the longest period of
time, producing the Towest measured fuel side temperatures. The main
problem in using data from TC-12 is tnat it was located on the
exterior of the 29.5 1b injector assembly. The large injector "1ass
deiays the resp-nse of TC-12, but the delay does not appear to
significantly a*“ect the test data. Comparison of TC-12 to TC-113
{the imiersion probe in the fuel duct) shows tha* both probes have
essentially the same response to the propellant temperature decrease
which occurrea at 60 seconds (see Figure 7-15).

The fuel phase histories for the initial coast period show tha* the
time to the start of boiling varied significantly with the initia&
propellant/injector temperature. At an initial temperature of 40°F,
boiling was indicated at 25 seconds, but at an initial temperature of
70°F boiling was indicated at only 5 seconds. Despite the variation
in the time required to reach boiling conditions, the time vequired
to reach freezing conditions was essericially the same, about 90 seconds,
for both tests.

The fuel phase history for the second coast perioca of test #12 shows
that the injector was warmed by the propellant flow, and that the
occurrence of boiling was rapidly followed by the occurrence of fuel
freezing. None of the fuel phaseohistories pass through the hydrazine
wripie point at 0.058 psia and 34°F.
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7.2.3 TRW Descent Injector (Continued)

The oxidizer phase history, Figure 7-18 is a plot of the oxidizer duct
immersion thermocouple (TC~1]6§ versus the oxidizer duct pressure. The
phase history indicates that boiling occurred within 5 to 6 seconds
after the start of the 3.5 second oxidizer flow, and that freezing
occurred approximately 8 seconds after the start of the flow. These
conclusions are tentative because of indicated pressure instrumentation
problems during these two tests. Comparing the pressure data from test
#26 to the data from test #25 indicated that the data from test #26 are
high by a factor of 1.5. This conclusion is substantiated by the fact
that evaporative cooling of a single-component liquid cannot result in
significant liquid super-cooling. Specifically, the phase history is
not represented by the regime above and to the left of the liquid-vapor
or sclid-vapor phase boundaries.

The descent engine used for thz Seattle hot-firing tests was instru-
mented with surface thermocouples on the injectcr and propellant ducts,
but was not equipped with immersion thermocouples. The thermal response
of the duct surface thermocouples was evaluated by using the cold-flow
test data to compare the response of duct surface and duct immersion
thermocouples.

Figure 7-19 compares the response of an irmersion thermocouple (TC-113)
located near the top of the fuel duct to the response of a surface
thermocouple (TC-6) located at the midpoint of the duct. Both thermo-
couples showed the same response, withgn 20F, during the first 60
seconds of the test, and were within 4°F during the first 240 seconds
of the test. Beginning at 240 seconds, the immersion thermocouple
indicated a significant temperature decrease that was not detected by
the surface thermocouple. The maximum indicated temperature difference
was 199F at 600 seconds.

Figure 7-20 compares the response of an immersion tnermocouple (TC-116)
located near the bottom of the oxidizer duct to the response of a
surface thermocouple (7C-8) located directly opposite from the immersion
thermoccuple. The temperature data at the beginning and end of the test
indicate that the surface thermocouple is biased approximately 4-5%F
higher thaa the immersion thermocouple. Temperature data from the
initial cooling phase show a maximum temperature difference of 15-16°F
after correcting for the indicated data bisas.

7.2.4 Rocketdyne Ascent Injector

Selected test data from the Rocketdyne injector test series are presented
on Figures 7-21, 7-22, 7-23. and 7-24. Figures 7-21 and 7-22 are injector
tegperatureohistories for tests #1 and #15, run at initial temperatures of
40°F ard 7077, respectively. The injector thermal histories present
terperature data from TC-4 (“ower fuel duct surface), TC-6 (lower fuel

7-38



D2-118246-1

SANOD3S - MOMd 40 JYVIS WOud aWIL

—— - . .._ooo
m1 S1-0L g co b “ L
} £1-01 R S A SO S OIS S S SN S A S0 S A SRR S I e
8-0L O God ; -
9-01 O A S
»-31 O |”. - : ST !io.?
SANODES £°0 e - e
NOLIVENA MOTd - - .

T# 1S3l

1%
= laege- Lo

g
LI

0C~

—4

A S

o
o
U
o~

Jo= TNIVIIIWIL

FIGURE 7-21 TEMPERATURE HISTORY FOR ROCKETDYNE INJECTOR

‘.

e Mk ol fe e g B8 e el b N DR
iy 20 8s Ber Il et TILR W e LS TR e E a4

Yy A e S
%7



D2-118246-1

18YLS

WO¥d IWNIL

-
+
|

ten mr le tetpemie er marew

. . .

. 1

= -m.

<
‘ Co
. ' .
: | . A
m ¥ 4 - m .
. . - I N

_I-l - -
A
T S
O
v
’ . '
(N
- - -
o 'R
v ' ’
P .

+

N
ST-01 g
£1-0L

8-01 O

9-01 m
SANOLIS 9570

#-0L
NOILVING MOTd
. ST# 1sdlL

[ TS I,

Lo

o

+
P

B

LT

r

DRI RS

e

!

Y mpe-

——teem wl. g s

R m..-|m

PRSI S St
o

0Z-

0¢

o dn

LR RPN

e e, s R T e

L

d, - TUNIVYIAWIL

E INJECTOR

-
1Y

TEMPERATURE HISTCRY FOR ROCKETDY
7-40

FIGURE 7-22




D2-118246-1

: SANODIS - MOTd JO L¥VLS WOWJ FWIL
000%01 0001 001 o1 . . 1

. . . N
w _ _ T
) oy i ! : . . , H ..
. . : : '
: . w - s i b L
H . ! - —— — B b ta—
w .ﬂ. .= O e e BNt —— P S - . -
. | R e o
. N ce- el . el e -
JELJN SUR N ) . i ey = e . : -7 qul..n.ld..l. i l.llh .u‘c.l.».‘lln. O.ﬁ
: H H I P ) O . [ S e O T I
- B S () B IO PR PR T ' . Lt : Pt -
' * i EH . . " . v i
\ .
| ! 0
1
- -,
P
H
] w
c
by
e
i 0t
(A
. i
i.4
[N
I

=
)
do = FUNIVVIIWAL

FURSINE R S

;
e

b '-:...i-...: r .

_ e T T
0L P

€01
921

# 1S3l a/¥

FIGURE 7-23 TEMPERATURE HISTORY FCR ROCKETDYNE INJECTOR

7-41




D2-118246-1

e

_ SANODIS - MOTd 30 L¥VIS WOWd FWIL
c00lof 0001 ) 1

791 - ...”" ' .
1oL ! RS N

T ISBL . A DWV [ il
S AL

Y : —
H .. [ ca Pemmme ! I
! [ Aonaa i
. .
.

R T

N

VoL . H

S :

13 N “ H
R I
[P R S TP

NI A

[
bt
e
1l
i
-
s
F
i
1

FIGURE 7-24 TEMPERATURE HISTORY FOR ROCKETDYNE INJECTOR
7-42

DS




A it

[T s
R e
¥ et st

SRRIEV.NNIRE ok

i

%
o

e
ath
iy
A
&

Ve

D2-118246-1

7.2.4 Rocketdyne Ascent Injector (Continued)

duct immersion thermocouple}, TC-8 (midpoint oxidizer duct surface),
TC-13 (injector back surface, near top), and TC-15 {injector back
surface, near bottom). Phase histories for the Rocketdyne injector
cannot be drawn because an error in injector instrumentation resulted
in the loss of usable fuel manifold pressure data.

Both teiiperature histories indicated a decrease in fuel duct tempera-
ture approximately 5 seconds after the start of the 0.5 second
duration propellant pulse. Based on the analysis of Bell injector
phase histories, this temperature decrease was caused by fuel boiling
in the ducts. The té e requ1 ed for the fuel to begin boiling was
the same for both 40%F and 70 F initial temperatures. The fuel
temperature decreased to the freezing value (34°F) at 12-15 seconds
after the start of the propellant pulse.

The fuel duct temperature data showed that "minimum" fuel temperatures
were reached at two distinct time periods. The first "minimum"

occurred at 20 to 30 seconds, and the secrnd "minimur” occurred at
approximately 600 seconds. The fuel tempe. ature increased approximately
10 to 20 degrees following the first minimum temperature period, and
then decreased to the second "minimum" temperature region. Based on the
previous analysis of Bell and TRW injector fuel phase histories, the
first minimum temperature period is attributed to the rapid evaporation
of UDMH, which cooled the res1d8a1 fuel to a temperature below the
freezing point of hydrazine (34°F When the UDMH content of the
residual had been significantly reduced, the duct temperatures increased.
The second temperature decrease was caused by the sublimation of
hydrazine after the fuel duct pressure decreased balow the hydrazine
triple point pressure of 0.058 psia.

The oxidizer duct temperature history was similar to the descent injector
history. Specifically, the oxidizer duct temperature decreased to a
minimum level before significant injector or fuel temperature reductions
nccurred. The oxidizer duct temperature reached a minimum within 5 to 10
seconds after the start of the propellant pulse, and then continuously
increased to ambient. The mingmum temperature was reached sooner when
the initial temperature was 70°F than when the initial temperature was
4007, This is attributed to the higher vapor pressure of the oxidizer
simulant at 70°F, which increases the rate of boiling and thereby
increases the rate of cooling.

The ascent engine used for Seattle hot-firing tests was instrumented
with surface thermocouples on the injector and propellant ducts, but
was not equippec with immersion thermocouples. The therma! response
of the duct surface thermocouples was evaluated by using the cold-flow
test data to compare the response of duct surface and duct immersion
thernocouples.
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7.2.4 Rocketdyne Ascent Injector (Continued)

Figure 7-23 compares the response of an immersion thermocouple (TC-6)
Tocated approximately 2 inches above the fual duct elbow to the
resoonses of a surface thermocouple (TC-3) located approximately 6
inches above the elbow and a surface thermacouple (TC-4) located on
the bottom of the elbow near the valxe assembly. All thermocouples
showed the same response, within + 1°F, until the minimum temperature
was reached at 60 seconds. After this time, the response of the
thermocouples was a function of the liquid level in the fuel duct.

For example, TC-3 did not follow the decrease in fuel temperature at
300 seconds, indicating that the liquid level was below this thermo-
couple and that it was being cooled by heat transfer in the duct walls
and by cold vapor flowing past it. TC-3 bega- > increase in tempera-
ture first, followed by the immersion thermocoup’e, TC-6. Tre surface
thermocouple TC-4 remained at a low temper.ture (15-18°F) for an
additional 1000 seconds, indicating that the residual fuel was located
near this thermocouple.

Figure 7-24 compares the response of an immersion thermocoupie (TC-8)
located approximately 3 inches above the oxidizer duct elbow to the
responses of a surface thermocouple (TC-1) located approximately 6
inches above the elbow and a surface thermocouple (TC-2) located on
the bottom of the elbow near the valve assembly. The thermocouple
data show that neither of the surface thermocouples accurately
followed the initial rapid decrease in simulant (Freon MF) temperature.
The surface thermocouple at the bottom cf the oxidizer duct (TC-2)
followed the response of the immersion thermocouple with an initial
time lag of 5 to 8 seconds, but did not indicate the Tow minimum
temperature (-47°F) shown by the immersion thermocouple. The surface
thermocouple at the midpoint of the duct began to show a temperature
increase at 15 seconds, indicating that the simulant 1iquid level was
below this thermocouple at that time.

Analysis of the oxidizer duct thermocouple response was comp11categ by
the fact that the simulant {Freon MF) has a freezing point of -168"F
and therefore did no& freeze during these *tests. The oxidizer has a
freezing point of 12°F, which would tend to slow the rate of tempera-
ture decrease near this temperature when the oxidizer begins to
solidify. However, it can be concluded that the surface thermocouples
wiil indicate Tiquid temperatures with a time delay of 5 to 8 seconds
during the initial temperature decrease. In addition, the surface
thermocouples imay indicate a temperature approximately 15 to 18°F
higher than the true minimum oxidizer temperature.
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7.3 ASCENT ENGINE TEST ANALYSIS
7.3.1 General

This section presents an analysis of the results from Phase I and Phase
IT Ascent engine restart tests conducted at the Boeing/Seattle test
facility. The initial starts and restarts were analyzed to determine
the effect of propellant residuals on the engine restarts. Coast phase
data or propellant pressures and temperatures were plotted on phase
diagrams. This method of data presentation provides a basis for
determining the thermodynamic state of propellant residuals which were
present at the ascent engine restarts. A summary of the test conditions
and test results is presented in Tables 4-1 and 4-3.

The Seattle Phase I test series consisted of 5 tests. The checkout
firing (A-0), consisted of only one start while the remaining four tests
(A-1, A-2, A-3, and A-4) consisted of an initial firing followed by one
restart at coast periods of 1500, 300, 90, and 30 seconds. Following
the 30 second coast period (test A-4), all accelerometers saturated,
indicating greater than 1000 g's on the facility transducers and greater
than 35 g's on the flight transducers. Maximum accelerometer readinas
for the Phase I restarts, and the Phase II first restarts, are presented
in Figvre 7-25. These data show that the Phase I restarts, run with
60-859F propellants, had lower maximum accelerometer readings than the
Phase II restarts, run with 45-500F propellants.

a0 R

While no special attempt was made to saturate the propeilants with

helium for the Phase I tests, an analysis of the propellant for inert

gas content was made for each test. For the oxidizer side, tests A-3

and A-4 had 0.142 and 0.163 scc/gram of dissolved helium respectively,
which is greater than 1/2 of the saturation amount of 0.22 scc/gram at
190 psia. Similarly, the fuel side for all tests contained approximately
1/2 of the saturation amount.

R SICA L G
PRTINGE LS TR T

&
L The Seattle Phase Il test series consisted of 10 tests. The two check-

& out runs, A~0~II] and A-0-1I,, consisted of one start for each test.

5 The first checkout run was cgnsidered to be unsuccessful because an
unplanned 200 millisecond restart occurred and the facility altitude
was low during the coast period. The second checkout firing was
successful. Tests A-5 throuyh A-7 consisted of an initial start
followed by two restarts. Tests A-8 through A-12 consisted of an
initia! start followed by one restart. Coast periods 200, 90, 60, 30,
15, 10, 2.5 and 1 second were tested during A-5 through A-12 respectively.
Tests A-6, A-7, A-8 and A-9 (at coast periods of 90, 60, 30, and 15
seconds respectively) each had rough restarts as indicated by high
pressure spikes and high accelerometer readings (see Figure 7-25?. On
test A-7, the second restart attempt was not successful. Test data
indicate that the oxidizer side was plugged with frozen oxidizer.
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7.3.2 Coast Phase Analysis

The fue! and oxidizer duct temperatures and pressures were plotted on
phase diagrams to analyze the thermodynamic processes occurring during
the coast phase. The data were plotted for time intervals of 5, 10,
15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 400,
500, 600, 700, 800, 900, and 1000 seconds following engine shutdown.
The *est coast time and data availability determined the time duration
for whizh data were plotted.

The fuel phase histories for the initial coast period of Phase I tests
A-0, A-3, and A-4 are in Figure 7-26. The fuel phase histories for the
coas® period following the restarts on tests A-2, A-3, and A-4 are in
Figure 7-.7. Comparison of .Figures 7-26 and 7-27 shows that there was
no sigrificant difference between the first and second coast periods.
The restart temperature data indicate that the fuel ducts were warmed
to the temperature of the fuel supply before the onset of boiling.

The oxidizer phase histories for the initial coast period of Phase !
tests A-3 and A-4, and for the coast period following the restarts of
tests £-2, A-3, and A-4 are in Figure 7-28. These data show that the
oxidizer ducts remained at a low temperature during. and after, the
restar: firings. In contrast to the fuel side, the oxidizer side was
not warmed to the temperature of the propellant supply.

The oxidi.er manifold phase histories indicate that the oxidizer is far
out f thermodynamic equilibrium because the manifold pressure is much
lower than the equilibrium oxidizer vapor pressure. This would
indicate that the boiling process is very violent and sufficiently far
from equilibrium to prevent any thermadynamic analysis of the process.
It is not clear from the phase history data when boiling starts or
when freezing starts. However, temperature data indicate that boiling
does start prior to 5 seconds into the coast period and the freezing
temperature of N204 is reached in about 15 seconds.

The fuel phase histories for typical Phase II tests (A-0-1I,, A-5, A-6,
A-7] are snown in Figures 7-29, 7-30, and 7-31. Data on thé initial
coas* period (Figure 7-29) show that the phase histories are quite
consis*ent even though there was a 10%F variation in initial fuel
temperature. The conditions existing in the fuel duct at coast times
greater thar 15 seconds appear to be irndependent of initial fuel
temperature over the range of propellant temperatures tested. Initial
hardware temperature dves not appear to have a significant effect on
the phase history following the start of boiling. This can be seen by
comparing the process paths shown in Figures 7-29, 7-30, and 7-31,
which show the phase histories for the initial, second, and third
cosst periods. Although the initizl fuel duct temperzture is about
109F lower after the first restart, the phase history is not signifi-
cantly affected.
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7.3.2 Coast Phase Analysis (Continued)

The oxidizer phase histories for typical Phase II tests (A-0-II,, A-5,
A-6, and A-7) are shown in Figures 7-32, 7-33, and 7-34. The 1ﬁitia1
oxidizer temperature (see Figure 7-32) does not appear to have a
repeatable effect on the phase histories. Comparison of phase histories
obtained following the initial start and the first and second restarts
(Figures 7-33 and 7-34) shows that the duct temperature does not increase
to the bulk oxidizer temperature during or after the restart firings.
This decrease in duct temperature cannot be attributed to thermocouple
response time because the ARC cold flow tests (see Figure 7-24) indicated
a maximum time de'ay of 5 to 10 seconds between thermocouples cemented to
the duct surface {similar to the hot firing thermocouples) and thermo-
couples inserted into the oxidizer flow passage. Evaluation of the ARC
data shows that the oxidizer duct is colder after each propellant flow.

Comparison of the phase histories for the Phase I and Phase II tests
shows that the initial fuel and oxidizer temperatures have only a small
effect on the time required to reach the fuel and oxidizer boiling and
froezing points. The table below provides typical values from the
initial coast periods of the Phase I and Phase Il tests.

% .3_'.-.:“ﬂ .. -._,!."'_

i FUEL OXIDIZER
H INIT_AL PROP. TIME TO TIME TO TIME TO TIME TO
& TEMP. (OF) BOIL (SEC) FREEZE (SEC) BCIL (SEC) FREEZE (SEC)
L 60 8 25 4 20
i 50 7 27 4 15
40 7 27 4 15

It is apparent that initial propellant temperature has a negligible
effect on time to boil and time to freeze for propellants in the 40°F to
60°F temperature range.

b

) Typical coast phase propellant phenomena are discussed in the following
paragraphs.

Following shutdown there was a short period of time before the fue}
mani€old pressure dropped to the fuel vapor pressure. This time varied
from test to test, but averaged about 7 seconds for the ascent engine.
A time of this magnitude is far too long to be explained on the basis of
an incompressible liquid in the dribble volume. It, however, can be
explained by the effect of helium dissolved in the fuel coming out of
solution as the manifold pressure decays. These helium bubbles can
displace significant volumes of liquid in the injector (see Section 7.1.3),
and maintain relatively high injector pressures for several seconds. An
alternate possibility is that local hot spots exist in the injector,
causing local boiling of the residuals and producing sufficient vapor to
maintain injector pressure during this period. However, the injector
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7.3.2 Coast Phase Analysis (Continued)

thermocouple data do not support the hvpothesis that there were injector
hot spnts. The high speed movies show that fuel and oxidizer snow were
deposited on the injector baffles after shutdown, indicating that the
injector was not hot. In addition, the injector thermocouples do not
indicate any significant temperature increase during the engine firing

and the pressure produced by the weight of residuals in the injector is
not large enough to cause the relatively high manifold pressures observed
after shutdown. It is therefore concluded that the initial fuel manifold
pr$ssure decay is significantly affected by the effervescence of dissolved
helium.

When the fuel manifold pressure decveases to the fuel vapor pressure the
fuel will start to boil. The rapidity and violence of the boiling process
is controlled primarily by the degree of superheat in the Tiquid. The
data indicate that the 1iquid was superheated by 5 to 1COF during tne
early stages of the boiling process. The fuel was superheated because the
fue® manifold pressure was significantly lower than the equilibrium fuel
vapor pressure. The instrumentation had sufficient accuracy and adequate
»~aesponse characteristics to support the conclusion that the fuel was
superheated. The accuracy of the pressure measurement is quotod to be

+0.15 ssia, which could account for the observed superheat oniy if the
reading was consistently low. However, this is unlikely in that theve is
generally good agreement between this measurement and that obtained .y
the lower range measurement which has a quoted accuracy of +0.075 psia.
The thermocouple used to obtain the temperature reading is a duzt skin
temperature transducer, which "' be at a somewhat higher tempurature
than the liquid. However, the ARC cold flow tests show that he duct
surface is within 39F of the indicated 1iquid temperature.

As the boiling continued, the temnarature dropped to the pa-r* where
hydrazine started to freeze out of solution. Pure hydrgz<ne freezes at
about 349F but a 50-50 liquid mixture with UDMH freezes at about 25CF.
However, if the temperature of a 50-50 liquid mixture i« Towered below
250F, some of the hydrazine will freeze. This will change the liquid
composition and decrease the freezing temperature of the remaining
hydrazine-UDMH mixture. Thus, hydrazine can remain in the liquid state
in the proper liquid composition down to -71%F. Since the temperature
in the Seattle test dropped far below 25°F, one must conclude that the
hydraz1ne is so11dify1ng fast enough to increase the percentage of UDMH
in the liquid. This increase in the percentage of UDMH in the liquid
can also be shown by noting that the heat of vaporization of UDMH is
about 1.5 times the heat of fusion of hydrazine. As a result, 1.5
pounds of hydrazine must freeze out of solution to balance the energy
taken away by the evaporation of 1 pound of UDMH. The freezing tempera-
ture of the remaining hydrazine would therefore decrease. It is then
possible to obtain very low temperatures before all of the hydrazine
freezes out. ¥
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7.3.2 Coast Phase Analysis (Continued)

The temperature increase which occurred 75 seconds after engine shutdown
is attributed to the essentially complete depletion of liquid residuals.
As the manifold pressure continued to decrease, the sublimation rate of
the frozen residuals was increased. This increased sublimation rate
caused the duct temperature to decrease to -9°F at arproximately 500
seconds after engine shutdown. The gradual temperatrr increase occurred
because heat transfer from the engine and environment e¢.ceeded the heat
removed by sublimation of the solid residuals. A thermal balance was
reached at 12°F after approximately 1000 seconds of coast. This balance
is not shown on the phase diagram because the manifold pressure is below
the lower limit of the phase diagram.

The existence of significant amounts of frozen hydrazine residuals was
confirmed by temperature data obtained from TE-8, whici: was located on
the fuel duct near the ball valves. Since frozen hydrazine is heavier
than the 50-50 1iquid, it would settle to the lew point of the fuel duct,
at TE-8. This thermocouple indicated a minimum temperature of 25°F, the
freezing temperature of the 50-50 mixture. The temperature then
asymptotically increased to 34°F, the freezing temperature of pure
hydrazine, but did not exceed this temperature for 3000 seconds, when

the test was terminated.

Following shutdown, the pressure in the oxidizer manifold dropped quite
rapidly and reached the vapor pressure of the N,0s in about 5 seconds on
most tests. The pressure continued to drop rap?d?y resulting in 5° to
15°F superheat in the liquid. This amount of superheat was sufficient to
create very violent boiling and cooling of the remaining liquid. At
about 15 seconds, the triple point temperature (12°F) of the Ny0g was
reached. At this time the oxidizer manifold pressure was almost an order
of magnitude below the triple point pressure. The boiling of the
remainder of the liquid must .1ave been very violent and one would expect
all of the oxidizer to be frozen shortly after 15 seconds. The pressure
and temperature continued to decrease, indicating that the solidified
N204 was subliming for more than 500 seconds. There was no indication
that any cridizer ever freezes in the injector. During initial coast
periods, the thermocouple on the duct-injector interface did not show
temperatures below the freezing point of N204. The thermocouple at the
low point in the duct was always at the lowest temperature, indicating
that the frozen N204 had settled to this point.

7.3.3 Start and Restart Firing Characteristics Analysis

The test data, summarized in Section 4, Table 4-3, show that several
ascent engine restarts had significantly higher acce’erometer readings
than the initial starts. The characteristics of the initial starts were
investigated to provide a baseline for evaluation of the restarts. The
restart characteristics were then investigated to determine the effect
of coast phase propellant phenomena on the restart characteristics.
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7.3.3 Start and Restart Firing Characteristics Analysis (Continued)

Figure 7-35 shows the time from fire signal to ignition for all of the
Phase 1I restarts. Ignition is defined as the first significant rise in
chamber pressure, and includes the short-duration chamber pressure cpikes
which precaded the normal ignition transient by 20 to 30 milliseconds.
The time to ignition is closely related to the fuel manifold priming
times shown in Figure 7-36. Both the time to ignition and the fuel
manifold priming times are significantly below normal for coast times
less than 10 secords, showing the effect of fuel residual volumes.

The relatively small oxidizer leads which occurred at coast times of

less than 10 seconds did not produce rough restarts. The chamber
pressure at 10 seconds is approximately 0.2 to 0.4 psia, which apparently
provides a favorable condition for reignition even though the oxidizer
lead is significantly lower than normal.

The Phase II oxidizer manifold priming times, for coast periods between
15 and 90 seconds, are increased by partial to essentially complete
blockage of the oxidizer duct. This was clearly indicated during Test
A-7 {see Figures 7-39% and 7-40), and is attributed to blockage of the
oxidizer injector filter by frozen oxidizer residuals. IWthen the flow
was stopped, a large pressure pulse was produced. This pressure pulse
was reflected upstream where it was detected by the interface pressure
transducer. Figure 7-37 shows the maximum oxidizer interface pressure
as a function of coast time for the ascent engine. The definite trend
te increased interface pressures in the range from 10 to 60 seconds for
first restarts was undoubtedly caused by partial plugging of the
oxidizer filter. The three data points for second restarts are higher
than the initial restart values because the oxidizer side temperature
continues to decrease after each subsequent restart. It would appear
that following the 90 second coast, the first restart did not have
plugging but that the second restart did experience oxidizer side plug-
ging. This is consistent with the fact that for repeated restarts the
oxidizer continues to decrease in temperature which results in the
ratention of more oxidizer for each subsequent restart. Following the
15 second coast, the peak oxidizer interface pressure was higher than
normal, but the oxidizer manifold priming time was normal. However,
the oxidizer manifold pressure trace indicates that the oxidizer flow
was not fully established at ignition, supporting the conclusion that
partial oxidizer side blockage was experienced during this test.

The oxidizer phase history data (Figures 7-32, 7-33 and 7-34) show that
oxidizer freezing can begin within 10 to 15 seconds after the initial
start. The time to freezing decreases after the second and third starts,
probably due to the lower duct temperatures during and immediately after
the restart firings. The low duct temperatures can also result in
increased amounts of frozen oxidizer residuals, causing partial blockage
of the oxidizer filter, during third restarts for coast times in excess
of 200 seconds (see Figure 7-37).
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7.3.3 Start and Restart Firing Characteristics Analysis (Continued)

Calculeted mass residual data (Figure 7-5) show that the oxidizer side
still has approximately 25% of the total oxidizer side capacity after 10
seconds of coast. After 100 seconds of coast, approximately 10% of the
total capacity is still present. Because of the horizontal orientation
of the engine during the Seattle tests, these residuals are located in
the bottom of the oxidizer duct at the engine valves. There is no
evidence that oxidizer freezes in the injector internal flow passages.
Thermocouples on the injector and at the injector/oxidizer duct interface
always remain above the oxidizer freezing temperature. It is therefore
concluded that the oxidizer filter is blocked when the frozen residuals,
located near the ball valves, are forced against the filter during the
priming process.

In every case where the oxidizer lead was lost, or the oxidizer flow was
not fully established, high accelerometer readings were recorded. There
was also a characteristic chamber pressure trace which had a sharp spike
in chamber pressure at the time the fuel manifold pressure started to
rise. In general, the chamber pressure returned to a low pressure and a
normal chamber pressure rise occurred as soon as the dxidizer flow was
fully established.

The only rough Phase II restart which did not indicate partial oxidizer
side blockage was the first restart of Test A-6. Oxidizer priming time
and peak interface pressure were within the normal range. The fuel mani-
fold priming time was lower than the time for a 60 second coast, but was
identical to the time for a 200 second coast, which produced a smooth
restart. The time to ignition for A-6b was shorter than the times ob-
served for 60 and 200 second coast periods, but the time interval between
fuel manifold priming and ignition (5 ms) was within the normal range for
initial wet starts (3 to 11 ms). The peak chamber pressure (441 psia)
occurred during an apparently normal start transient. No cause for this

overshoot, or the similar overshoot which occurred during Phase I test A-4b,

has been established.

The peak fuel interface pressure as a function of coast time is presented
in Figure 7-38. With the exception of the second restart after a 200
second coast, there is not enough variation away from the normal range to
cause concern. The high fuel interface pressure at the 200 second point
occurs at a time which does indicate that it is probably due to partial
plugging of the fuel filter. This is the only time in any of the tests
that this type of behavior was observed. Unfortunately most of the high
response data from this test were lost so that additional information is
not available. The r2latively high fuel interface pressure at 3 seconds
is a result of chamber pressure overshoot and not filter plugging.

The preceding data indicate that the restarts during test A-7 were

significantly different from the initial starts. A detailed analysis of
the data from the A-7 firings is presented in the following paragraphs.
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7.3.3 Start and Restart Firing Characteristics Analysis (Continued)

The oscillogram records of the fuel and oxidizer interface pressures for
firings A-7a and A-7b are presented in Figure 7-39. The fuel manifold,
oxidizer manifold and chamber pressure traces for these two firings are
presented in Figure 7-40. The initial firing {A-7a) was a "dry" start.
A "dry" start is one where there is no fuel or oxidizer between the ball
valves and there is no fuel in the valve actuator lines. In contrast, a
“wet" initial start is one where propellants are purposely bled into
these volumes. The first restart firing (A-7b) occurred after a 60 second
coast period, and was a hard restart. The oscillogram records for the
second restart firing (A-7c) were essentially similar to the records for
A-7b, except that the engine did not start, due to essentially complete
blockage of the oxidizer flow by frozen residuals.

Initial Firing (A-7a)

Figure 7-39 shows that the oxidizer interface pressure remained constant
for 65 ms. (milliseconds) after the fire signal. This occurred because
the engine valves required 30 to 55 ms. to leave the closed position.
The propeilant valves were completely open by 125 ms. and the isolation
valves were completely open by 185 ms. During the time when the valves
were ovening, the oxidizer interface pressure decreased to about 55 psig,
indicating that the duct was being filled, and then reached a plateau of
about 137 psig at 155 ms.  This rapid pressure increase to 137 psig
indicates that the duct had been filled, and the injector manifold was
beginning to fill. A second rapid pressure increase occurred at 205 ms.
This pressure increase indicates that the injector was full and a steady
flow through *the injector orifices was being established.

The fuel interface pressure remained constant for only about 25 ms. before
decreasing. The subsequent pressure oscillation occurred because the
engine ball valve actuators were being filled. During the time period

when the engine valves were opening, the fuel interface pressure decreased,
indicating that the fuel duct was being filled. The interface pressure
then remained relatively constant at 77 psig until approximately 5 ms.
prior to ignition.

Figure 7-40 shows that the oxidizer manifold pressure remained at
essentially zero psia until 185 ms. after the fire signal. The two
"steps", at 110 psia and 230 psia indicate injector manifold filling and
the establishment of oxidizer flow through the injector orifices. The
increase in manifold pressure at ignition shows the effect of increasing
chamber pressure.

The fuel manifold pressure remained at essentially zero psia until igni-

tion. The fuel manifold pressure and the chamber pressure then increased
simultaneously.

7-66



Bl T TR BN S

W 3

k- IYPRRIH

T IR, U T

Lirzaree S

D2-118246-1

OXIDIZER ENGINE IGNITION

INTERFACE PRESSURE \.l UL r51e

2454 P5*°

FUEL® ENGINE
INTERFACE PRESSURE [
. .o oD e i
e o | |
i 1. .. L R 1 v 6
0 50 100 150 300 250 300

TIME IN MILLISECONDS

FIRE SWITCH
INTERFACE PRESSURE FOR A-7u

S¥2.3P816

OXIDIZER ENGINE
INTERFACE PRESSURE

1754 e [/
- 1T46 Psto

FUEL ENGINE
.} o £« INTERFACE PRESSURE

<= IGNITION
'L—o"""" :""( ' l“‘: ' - 0l l l "\\ . ¢ ;'
0 50 100 150 280 ado T o
TIME IN MILLISECONDS ’
FIRE SWITCH INTERFACE PRESSURE FOR A-7b

FIGURE 7-39 INTERFACE PRESSURE RECORDS FOR ASCENT ENGINE FIRINGS A-7a AND A-7b
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7.3.3 Start and Restart Firing Characteristics Analysis (Continued)

The accelerometers responded during the manifold fiiling process, indicating
a maximum of 13 g's peak-to-peak (gpp) when the oxidizer manifold pressure
increased rapidly from 110 psia to 230 psia. At ignition, the flight
accelerometer indicated a maximum of 31.5 gpp and the test facility
accelerometers indicated a maximum of 70.7 gpp.

First Pestart (A-7b)

The engine valves left the closed position between 50 and 65 ms. after the
start signal, and reached full open position between 145 and 170 ms. The
oxidizer interface pressure history for A-7b is essentially similar to the
A-7a history until 140 ms. after the start signal. The large (542.3 psig)
pressure spike at about 140 ms. is belived to have been caused by frozen
oxidizer residuals being forced against the oxidizer injector filter
(Tocated at the duct/injector interface), causing a significant flow
blockage. The oxidizer interface pressure was erratic until about 20 ms.
prier to ignition, indicating that steady oxidizer flow was not established
until this time.

The fuel interface pressure history for A-7b was essentially similar to the
A-7a history until ignition. After ignition, the pressures were different
becaus¢ of the abnormal ignition characteristic of A-7b.

The oxidizer manifold pressure for A-7b remained at nearly 0 psia until 7
ms. after ignition. The manifold pressure then increased to steady state
conditions at the same time the chamber pressure increased.

The fuel manifold pressure remained at essentially 0 psia until 13 ms.
prior to ignition, indicating a definite fuel lead for this start. The
fuel manifold priming time for A-7b was reduced from 257 ms. during A-7a to
219 ms., illustrating the combined effects of residual fuel and "wet" start
conditions. However, the oxidizer priming time was increased from 185 ms.
during A-7a to 239 ms. on A-7b, despite the presence of oxidizer residuals
and "wet" start conditions, illustrating the blockage nf the oxidizer side
by frozen oxidizer residuals. :

The chamber pressure had a 2 ms., 473 psia, spike at "ignition", and then
decreased to about 20 psia before increasing to steady-state conditions.
The conplete spike is not visible on the oscillogram reproduction (Figure
7-49), but is visible on the original oscillogram records.

The accelerometers indicated 49 gpp when the oxidizer duct pressure spike,
shown on the interface pressure record, occurred at 150 ms. The accelero-
meters were driven off-scale when the chamber pressure spike occurred at
ignition.

High speed films of these two firings indicate that oxidizer flow from

the injector occurred before fuel flow was established. The cxidizer
appeared as a fine spray which gradually obscured the injector. During

7-69



D2-118246-1

7.3.3 Start and Restart Firing Characteristics Analysis (Continued)

the A-7a firing, this spray appeared 60 ms. prior to ignition, but during
A-7b, the spray appeared only 40 ms. prior to ignition. In addition, the
A-7b spray appeared to be less diffused and flowed from the bottom injector
holes first, indicating that the oxidizer flow rate was reduced.

Second Restart (A-7c)

No significant comoustion occurred during this attempted restart because
of essentially complete blockage of the oxidizer side. This was indicated
by the absence of a detectable increase in chamber pressure or injector
oxidizer manifold pressure during A-7¢. The valve actuation times and
interface pressure histories were similar to those obtained during A-7b,
except that the oxidizer interface pressure reached a higher peak pressure
(see Figure 7-37), and continued to oscillate throughout the attempted
firing. The accelerometers responded to the oxidizer interface pres.ure
peak (37.1 gpp) and to fuel manifold priming (21 gpp) but did not produce
an indication of ignition. High speed films show that fuel flow was
definitely established first, and no oxidizer flow was visible prior to
the time when the injector was obscured by spray. The only indication
that any combustion occurred was the rise in exhaust gas temperature too
540°F. Normal exhaust gas temperature readings were approximately 1300°F.
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7.4 DESCENT ENGINE TEST ANALYSIS
7.4.1 General

This section presents an analysis of the results from Phase I and Phase
IT Descent engine restart tests conducted at the Boeing/Seattle test
facility. The initial starts and restarts were analyzed to determine
the effect of propellant residuals on the engine restarts. Coast phase
data or propeliant pressures and temperatures were plotted on phase
diagrams. This method of data presentation provided a basis for
determining the thermodynamic state of propellant residuals which were
present at the descent engine restarts. A summary of the test condi-
tions and test results is presented in Tables 5-1 and 5-3.

The Seattle Phase I test series consisted of 5 tests. The checkout
firing (D-0), consisted of one start while the remaining four tests
(D-1, D-2, D-3, and D-4) consisted of an initial firing followed by
one restart at coast periods of 1800, 300, 120, and 45 seconds.
Following the 300 second coast period (test D-2), the restart showed a
chamber pressure spike of 75 psia and a maximum accelerometer reading
of 640 "g's" peak to peak in the X axis of the GSE accelerometer. This
firing was the roughest restart encountered for the descent engine
during Phase I and Phase II testing.

The Seattle Phase II test series consisted of 9 tests. The checkout
firing (D-011), consisted of one start while the remaining 8 tests,
(D-5 through D-12), consisted of an initial start followed by two
restarts. Coast periods of 120, 90, 50, 15, 5, 2, 375, and 170 seconds
were tested during D-5 through D-12 respectively. None of these tests
showed hard restart characteristics. The initial starts of tests D-9
and D-11 had the maximum peak chamber pressures of 55 and 53 psia. All
of the restarts had lower maximum chamber pressure peaks. In general,
the restarts were less severe than the initial starts and there was no
significant difference between the first and second restarts,

7.4.2 Coast Phase Analysis

The fue! and oxidizc- duct temperatures and pressures were plotted on
phase diagrams to anilyze the thermodynamic processes occurring during
the coast phase. The data were plotted for time intervals of 5, 10,
15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 400,
500, 600, 700, 800, 900, and 1000 seconds following engine shutdown.
The test coast time and data availability determined the time duration
for which data were plotted. In the A-50 plot for test D-3a, the first
point is at 7 seconds following shutdown, due to a lack of data for the
5 second point.

The fuel phase histories for Phase I tests D-2a, D-3a, and D-3b are in

Figure 7-41. A comparison between D-3a and D-3b shows that there is no
significant difference between the initfal start and the restart as far
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7.4.2 Coast Phase Analysis {Continued)

as the fuel phase history is concerned. In general, the fuel phase
histories show rather close agreement with equilibrium conditions for
both the Phase I and Phase II tests.

The oxidizer phase histories for Phase I tests D-2a, D-3a, and D-3b are
in Figure 7-42. Note that on D-3b the oxidizer side was not warmed up
to the initial 659F propellant temperature during the coast pe~iod and
subsequent restart. Comparison of these data with the ascent engine
data show that the oxidizer in the descent injector is much closer to
equilibrium than the oxidizer in the ascent injector. The data points
for coast times of 40, 50, 60, and 70 seconds are very close to the
oxidizer triple point, which indicate that oxidizer is being frozen at
nearly equilibrium conditions during this time period. This phenomena
is typical of most Phase I and Phase II coast periods having a duration
of more than 40 seconds.

& The fuel phase histories for Phase Il tests DO-II and D-11 are shown in
Y Figures 7-43 and 7-44. Comparison of the phase histories for 30-II and
D-11a (Figure 7-43) and D-11a, b, ¢ (Figure 7-44) show that there are
no major differences between the fuel phase histories for initial starts
ard rectarts or for relatively small {119F) changes in initial propel-
Tant temperature.

-.3. o, Lo

The oxidizer phase histories for Phase II tests DO-II and D-11 are shown
in Figures 7-45 and 7-46. Comparison of the phase histories for D-lla,
b, ¢ indicates that the ox1d1zer temperature did not increase to the
1n1t1a1 temperature of 46°F during the coast phases following restart
firings D-11b and D-11c. The cause for this phenomena has not been
established, although thermocouple response time may be a factor. Cold
flow tests at ARC show that thermocouples cemented to the duct surface
had a time lag of only 5 to 10 seconds relative to thermocouples
inserted into the propellant ducts. This time lag occurred during the
3.5 second propellant flows, and during the subsequent coast periods.
However, the time and temperature lags observed during cold fTow tests
do not have a suffi:ient magnitude to fully explain the 20 to 50°F
temperature differences which were observed during the first 25 seconds
of successive hot-firing coast periods.

s b

i AR TR A

&
:

Comparison of the phase histories for Phase I and Phase II tests show
that the initial fuel and oxidizer temperatures have a significant
effect on the time required to reach the fuel and oxidizer boiling and
freezing points. The taple below provides typical data from the
initial coast pe~iods of Phase I and Phase II tests.
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7.4.2 Coast Phase Analysis (Continued)
FUEL OXIDIZER

INITIAL  TIME TO TIME TO TIME TO TIME TO
PROP. BOIL (SEC) FREEZE BOIL (SEC) FREEZE
TEMP. (SEC) (SEC)
(OF)

64 10 80 5 50
46 15 60 7 50

36 20 40 8 40

The "time to boil" is increased by a decrease in propellant temperature
and vapor pressure. Because of the vapor pressure decrease, more time
is required for the fuel and oxicizer manifold pressures to decay to
the propellant vapor pressure. The "time to freeze" is decreased as
propellant temperatures are decreased because less cooling is required
to reach the freezing temperature.

Typical coast phase propellant phenomena are discussed in the following
paragraphs.

Following shutdown there was a short period of time before the fuel
manifold pressure dropped to the fuel vapor pressure. This time varied
from test to test but averaged about 15 seconds for the Phase II tests.
This time is far too long to be explained on the basis of an incompres-
sible 1iquid in the dribble volume., However, the helium dissolved in

the fuel will come out of solution as the manifold pressure decays. The
helium bubbles can displace significant volumes of 1iquid in the injector,
and maintain relatively high injector pressures for several seconds. The
photographic coverage of the test tends to support this mechanism in that
the fluid ejected immediately after shutdown appeared to be foamy. An
alternate possibility is that local hot spots exist in the injector,
causing local boiling of the residuals and producing sufficient vapor to
maintain injector pressure during this period. However, the injector
movies and the injector thermocouple data do not support the hypothesis
that there were injector hot spots. The high speed movies show that frozen
fuel and oxidizer were extruded from the injector after shutdown,
indicating that the injector was not hot. In addition, the injector
thermocouples do not indicate any significant temperature increase

during the engine firing. The pressure produced by the weight of
residuals in the injector is not large enough to cause the relatively
high manifold pressures observed after shutdown. It is therefore
concluded that the initial fuel manifold pressure decay is significantly
affected by the effervescence of dissolved helium.

When the fuel manifold pressure decreased to the fuel vapor pressure,

the fuel started to boil. As the fuel continued to boil, the fuel tempera-
ture dropped to the point where hydrazine started to freeze out of the
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7.4.2 Coast Phase Analysis (Continued)

solution. Pure hydrazine freezes at about 349F, but a 50-50 liquid
mixture with UDMH freezes at about 25°F. However, if the temperature
of a 50-50 1iquid mixture is lowered below 259F, some of the hydrazine
will freeze. This will increase the percentage of UDMH in the liquid
and decrease the freezing temperature of the remaining hydrazine/UDMH
mixture. Thus, hydrazine can rema1n in the liquid state in the proper
Tiquid compositior down to -71°F. Since the fuel-side temperature
dropped far below 250F, one must conclude that the hydrazwne was
solidifying fast enough to increase the percentage of UDMH in the
liquid. The freezing temperature of the remaining hydrazine will there-
fore decrease. It is then possible to obtain very low temperatures
befcre all of the hydrazine freezes.

The fuel side temperature increase from 12°F to 20%F indicated that the
fuel vaporization rate had decreased. The subsequent pressure decay at
constant temperature results from a thermal balance between evaporative
cooling and heat transfer from the engine and the test facility.

It is believed that the residuals were essentially all solidified at the
time of the temperature increase {200-250 seconds) because by that time,
sufficient fuel had been vaporized to freeze the remaining residuals
(see Section 7.2).

The engine orientation allowed drainage of all of the oxidizer in the
injector, and about half of the oxidizer in the duct. As a result, the
oxidizer residuals were trapped primarily in the duct near the ball
valve assembly.

The oxidizer manifold pressure reached the vapor pressure of the N,0

in s&ightly Tess than 10 seconds. Boiling then occurred with arouﬁd
5-10"F superheat in the liquid until the freezing temperature of the
N,0, was reached at about 35 seconds. In general, the oxidizer side
mgiﬁtained temperature and pressure values in the vicinity of the
triple point for some time. In some tests, the pressure remained
constant near the triple point pressure while the temperature decreased
below the triple point temperature. This would indicate subcooling of
the liquid. After 80 seconds, the pressure decreased sufficiently
below the triple point pressure to indicate that all of the liquid had
frozen. The continued temperature decrease was produced by sublimation
of the frozen N0 After 500 seconds, the duct temperature begar to
increase to amb?eﬁt, and at about 1200 seconds the pressure had become
sufficiently low that the readings were no longer reliable. The
remaining N,0, was probably expended at some time between 1200 and 1800
seconds, bu% ?t is not possible to determine exactly when the residuals
were expended.
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7.4.3 Start and Restart Firing Characteristics Analysis

A review of the test data, summarized in Section 5, Table 5-3, shows
that only one restart (Phase I test D-2b) was significantly harder than
the initial starts. In addition, this summary shows that the initial
starts had significant run-to-run variations. The characteristics of
the initial starts were investigated to determine correlating parameters
and to provide a baseline for evaluation of the restarts.

The following paragraphs describe typical descent engine start and shut-
down claracteristics observed during the Seattle test series. The Phase
IT descent engine checkout firing, D-0II, was a typical dry start. After
the fire signal, the valves started to open in about 40 milliseconds.
A1l of the valves were completely open by 150 milliseconds. The fuel
pressure at the engine interface remained constant at 218 psig vor 25
milliseconds then dropped to 190 psig at 50 milliseconds, increased to
250 psig at 80 milliseconds, and returned to the steady state value at
100 milliseconds. The fuel interface pressure remained constant during
the remainder of the firing and shutdown with some very small oscilla-
tions observed immediately after shutdown. The oxidizer engine inter-
face pressure remained constant at 227 psig for 4C milliseconds then
oscillated from 262 to 173 psig at a frequency of about 35 cps before
damping out in about 300 milliseconds. The pressure then remained
essent.ally constant throughout the firing and shutdown. Minor
disturbances were observed immediately following ignition, and a rapidly
dampgd 35 cps oscillation was observed about 300 milliseconds following
shutdown.

The oxidizer manifold pressure remained constant at zero psia for 55
milliseconds following the actuation of the fire switch. The pressure
then rapidly increased tv 13.4 psia in about 50 milliseconds, and
steadily increased to 24 psia at ignition (1.524 seconds after fire
signal). The pressure decreased to 23 psia at ignition and continued
to drop to 18.2 psia at 120 milliseconds after ignition. The pressure
increased steadily to 62 psia at 1.3 seconds after ignition and remained
at this Tevel until after shutdown. Three hundred milliseconds after
éhgtdown,dthe oxidizer manifold pressure decreased, reaching 8 psia at

.5 seconds.

The fuel manifold pressure increased slowly from zero psia at the fire
signal to 3 psia at ignition. It was not possible to determine when

the fuel manifold was primed Lacause there was no sudden increase in
pressure in the time period immediately preceding ignition. At ignition,
the fuel manifold pressure had a rapid increase to 8.5 psia. The
pressure then increased steadily to 19.2 psia during steady-state engine
operation.

The chamber pressure indicated essentially zero psia until ignition
occurred 1.524 seconds after the start signal. At ignition, the chamber
pressure increased rapidly from 0.8 psia to a peak of 33.1 psia, and then
decreased in 10 milliseconds to 8.9 psia. The pressure continued to
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7.4.3 Start and Restart Firing Characteristics Analysis (Continued)

decrease, reaching a low of 2 psia before beginning a smooth increase to
a steady-state pressure of 14.5 psia.

The flight accelerometers show 40, 70, and 65 g's peak to peak readings
along the X, Y, and Z axis respectively at the time of ignition. The
facility accelerometers show 386, 80, and 246 g's at this time. No
other zccelerometer deflections were noted during or after the firing.

About 30 milliseconds following the shutdown signal the valves start to
close. Three of the valves are closed within 300 milliseconds and the
fourth closed at 450 milliseconds.

The high speed (1000 frames per second) Photosonics camera showed that
the oxidizer spray appeared first 350 milliseconds after the fire
signal. Ten milliseconds later, irregular fuel and oxidizer "snow"
particles were observed. As the intensity of the oxidizer spray and
fuel srow increased, a red glow appeared. The injector pintle was
obscured about 300 milliseconds after the first oxidizer spray (650 ms.
after fire signal). Approximately 1000 milliseconds after fire signal
the film was completely black, indicating that the 1ight source was
obscured by material in the chamber. Significart combustion (ignition)
was indicated by a brilliant red flash at approximately 1.520 seconds
after the fire signal. Brown deposits, similar to those observed after
shutdown, were observed on the thrust chamber window at engine start,
and remained on the window for several milliseconds. The ignition
transient had a duration of approximately 6 ms., after which the light
intensity decreased significantly. Within 60 ms., combustion decreased
to the extent that the pintle was clearly visible, and frothy oxidizer
globules were seen coming from the pintle. The pintle was obscured

100 ms. after ignition by the increasing intensity of the combustion
process. At 330 ms. after ignition, the combustion process had &
noticeable change from the previous red color to an increasingly
brilliant white color. The intensity of the combustion prucess had
noticeable oscillations in intensity (confirmed by chamber pressure data)
which Tasted until steady-state conai:ions were reached.

Steady-state operation appeared to be very smooth. The first visual
indication of shutdown (300 ms. after shtudown signal) was the appearance
of oxidizer spraying towards the.window. The combustion in*ensity
decreased and changed to a red color as the oxidizer spray continued.

The pintle was first observed 1.25 seconds after shutdown signal, with
large globules of foamy oxidizer being biowr off the end of the pintle,
and foamy spray coming from the oxidizer orifices. Pulsations in
combustion intensity were observed from 1.72 to 2.22 seconds after shut-
down signal and were confirmed by chamber pressure data. The first
indication of frozen oxidizer was observed 2.5 seconds after shutdown,
when oxidizer "snow" was blown out of the bottom of the pintle. Signif-
icant amounts of solid fuel and oxidizer deposits were observed to "grow"
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7.4.3 Start and Restart Firing Characteristics Analysis (Continued)

ouc of the fuel and oxidizer orifices during the period from 3.5 to 7.0
seconds after shutdown. The deposits were blown away but reformed
immediately. Approximately 10 seconds after shutdown, viscous brown
deposits were formed on the thrust chamber windows. These deposits
boiled slowly, but never appeared to freeze, indicating that they were
neither fuel nor ax{dizer residuals.

Test data from the initial starts were analyzed to determine if the run-
to-run variations between initial starts could be correlated. The
magnitude of the initial ciiember pressure pulse was plotted against the
following parameters to determine if they correlated the run-to-run
variations:

1. time from fire signal to ignition
initial propellant temperatures
fuel and oxidizer ullage pressures

fuel and oxidizer injector pressures at ignition

o > w N
L] L] . -

fuel and oxidizer dissolved gas content (He + Nz)

This evaluation showed that the initial propellant temperature and the
cxidizer dissolved gas content provided 1imited correlations with the
magnitude of the peak chamber pressure overshoot. The data presented
in Figures 7-47 and 7-48 show that dry stacts tended to become rougher
as the dissolved gas content of the oxidizer increased, while wet
starts tended to become ron:ther as the propellant temperature decreased.
The wet starts (D-7a through D-12a) were not correlated by the measured
gas content of the propellants in the run tanks. The wet starts were
accomplished by admitting fuel and oxidizer into the volume between the
isclaiion and bipropellant ball valves, and admitting fuel into the
valve actuation system. This was accomplished at a pressure of 80 psi,
with the result that the trapped propellant was probably saturated at a
prassu~e of 80 psi instead of 240 psi. The reduced gas content of the
trapped propellant apparently negates the correlation of start over-
snoot with bu’k propellant gas content.

Test data from the restarts were analyzed to determine if the restart
characteristics could be correlated by any of the following parameters:

1. coast time
2. temperature of fuel and oxidizer residuals

3. time from fire signal to fgnttion
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7.4.3 Start and Restart Firing Characteristics Analysis {Continued)
4, fuel and oxidizer injector pressures at ignition
5. fuel and oxidizer dissolved gas content
6. volume of fuel and oxidizer residuals

The peak value ofT the chamber pressure overshoot was used to characterize
the restart ignition characteristics. This parameter was used because of
the relatively long duration (10 milliseconds) of the pressure pulse.

Figures 7-49 and 7-50 present the most significant results of the attem-
pted correlations. Figure 7-49 is a plot of the chamber pressure peak
versus coast period, and Figure 7-50 is a plot of ignition delay versus
coast period. Figure 7-49 shows that the Phase I restarts, conducted
with propellant temperatures of 61-66°F, were significantly harder than
the Phase II restarts, conducted with propellant temperatures of 41-500F.
However, only the Phase I test at a coast time of 316 seconds is signif-
icantly harder than the range of in‘tial wet starts.

There is no evidence that the difference between fuel and oxidizer
residual volumes has a significant effect on the ignition characteristics.
At short coast times (less than 10 seconds), the residuals will tend to
produce simultaneous fuel and oxidizer injection. However, these restarts
had no measurable Pc overshoot or accelerometer readings, apparently
because they occurred when the chamber pressure was still high enough (.3
psia) to produce very smooth reignition. The maximum difference between
fuel and oxidizer residual volumes {see Section 7.2) occurs at coast times
of 100 to 200 seconds. The restarts during this range of coast periods
are not significantly different from the other restarts.

Figure 7-50 shows the effect of coast {ime on ignition delay. At short
coast times, the ignition delay is significantly reduced by the presence
of residual propellants. As the coast neriod increases, the ignition
delay tends to increase toward the delay range for initial starts. The
ignition delay, although related to the volume of residual propellants,
does not appear to be related to the magnitude of the Pc overshoot.

Analysis of the descent engine restart tests did not result in any cause-
and-effect relationship between the magnitude of the restart chamber
pressure transient and the parameters listed above. Additional testing
may result in a cause-and-effect relationship.
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7.5 SPS COLD FLOW TEST ANALYSIS
7.5.1 General

This section presents and analyzes SPS injector test data from cold flow
tests conducted at AEDC. These tests were conducted to investigate the
phenomena occurring when residual propellants in the injector and inlet
ducts are exposed to a low pressure environment. The test data were
analyzed to determine the effects of coast time and initial propellant
temper atures, and to provide a basis for comparing the cold flow test
results with the hot firing test results. Propellant temperature
histories and phase histories are presented to provide this basis for
comparison. Appendix D of this report describes the AEDC test facility
and test article, and provides a description of the test series.

7.5.2 Phase I Tests - Oxidizer

Eleven tests were conducted during this phase of cold flow testing with
initial propellant temperatures ranging from 15 to 650F. Phase histories
for tests I-3, I-6 and I-11 are presented in Figure 7-51. The pressure
and temperature measurements were taken in the propellant inlet duct very
near the bipropellant ball valve flange. These histories show that the
oxidizer was out of thermal equilibrium for all three tests. Data from
tests I-6 and I-3 showed an abbrupt drop in pressure at 4-5 seconds that
was accompanied by a small decrease in temperature. The time of this
sudden decrease in pressure correlates very closely with visual observa-
tions which indicated that all liquid was gone, and only frozen material
remained in the duct.

From these phase diagrams it is also evident that an increase in the
initial oxidizer temperature caused an increase in the rate of cooling.
This was caused by more violent boiling at the warmer temperatures,
which increased the rate of heat removal from the remaining oxidizer.

Injector manifold and inlet duct temperature histories, Figure 7-52,
show that the inlet duct initially cooled at about the same rate as the
injector manifold, but finally reached a much lower temperature. This
was expected because the test article was oriented so that the injector
face was the high point and the inlet duct was the low point. There-
fore, the inlet duct was the last volume to retain liquid. The inlet
duct exterior skin thermocoupie, located near the duct immersion probe,
indicates that the duct skin did not get as cold as the frozen oxidizer
inside of the duct.

7.5.3 Phase II Tests - Fuel

Ten tests were conducted during this phsse of testing with initial
propellant temperatures ranging from 34°F to 79°F. Selected test data

from the Phase II tests are presented in Figures 7-53 and 7-54. These

%at%‘are typical of the test results obtained during this phase of
esting.
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7.5.3 Phase II Tests - Fuel

The phase diagram shown in Figure 7-53 shows fuel duct temperature
plotted against fuel duct pressure. Data is presentsd for three tesgs
conducted with initial propellant temperatures of 73°F, 56°F, and 34°F
These phase histories show that the time to the start of freez1ng was
a strong function of the initial propellant temperature. In addition,
the data indicate that the fuel boiling process was far from being in
thermodynaric equilibrium. In general, the phase histories were
similar to the Bell ascent injector data, which are described in detail
in Section 7.2.

Figure 7-54 shows a comparison of injector manifold and inlet duct
immersion probes. These thermal histories show that the inlet duct
*emperature initially cooled at about the same rate as the injector
manifold, but the duct eventually reached a colder temperature. This
response pattern was typical of all SPS cold flow tests. Figure 7-54
also presents data for a surface thermocouple located on the duct
exterior near the duct immersion probe. Thase data show that the duct
surface thermocouple response was similar to the immersion probe
response for the first 100 seconds of the test. The observed initial
temperature bias was probably caused by instrumentation inaccuracy.
After 100 seconds, the surface thermocouple did not respond accurately
to the decrease &n internal duct temperature. A maximum temperature
difference of 15°F was indicated.

Comparison of the fuel and oxidizer temperature histories (Figures 7-54
and 7-52) shows that the oxidizer side was cooled more rap1d1y and
reached a Tower temperature than the fuel side. This result is typical
of the ascent ongine and descent engine tests also. This phenomena
occurs because the oxidizer has a much higher vapor pressure than the
fuel, which causes more violent boiling, an increased cooling rate, and
earlier depletion of the residuals.

7.5.4 Phase III Tests - Fuel and Simulated Oxidizer (Freon MF)

Six tests were conducted during thés phase with initiel prope]]ant
temperatures ranging from 23 to 80°F for the simulant and 36 to 85°F
for the fuel. This testing was accomplished by simultaneously filling
the injector with fuel and simulated oxidizer (Freon MF). The test
data showed that at similar initial conditions the fuel (only) tests
and the fuel plus simulated oxidizer tests reached the same minimum
temperature.

Although the same minimum temperature was reached, for a given initial
propellant temperature, the fuel plus simulated oxidizer tests showed
decreased times to reach the minimum temperature and to deplete the
residual propellant.
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7.5.4 Prase III Tests - Fuel ard Simulated Oxidizer (Freon MF)
(Continued)

Figure 7-55 presents fuel duct immersion probe temperature histories
from tests II-7 (Fuel only) and 1I1-2 (Fuel plus simulant) to illustrate
this phenomena.

As shown, the duct temperatures were similar during the first 2300
seconds of th: test.0 The data from test I1I-2 show that the minimum
duct temperatire (-8°F) was reached at 2300 seconds, and that the duct
temperature subsequently increased. In contrast, the data from test
11-7 show a continuing temperature decrease until 5800 seconds after the
start of the test.

The temperature increase after 2300 seconds, or 5800 seconds, occurred
because the fuel residuals were essentially depleted. The longer time-
to-depletion indicates that the fuel {only) tes: - 2 larger amount of
residual fuel than did the fuel plus simulant tes The similarity of
the temperature histories up to 2300 seconds, which would produce
similar sublimation rates, supports this conclusion. Tests II-Y and
II1-4, also run at similar initial temperatures, produced ths same type
of results.

In general, the fuel (only) tests appeared to have more residual fuel
than the fuel plus simulant tests for all tested temperatures. This
result was not expected, because the inc-eased cooling produced by the
use of test fluids in both the fuel and axidizer sides would be expected
to increase the amount of frozen fuel residuals. It is possible that
the fuel plus simulant tests did not have full fuel manifclds, because
the additional time required to condition both the fuel and simulant to
the required initial temperature {by evaporation of the test fluids) may
have resulted in partial depletion of the fuel prior to the test.
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7.6 SPS ENGINE TEST ANALYSIS
7.6.1 General

This section presents an analysis of the SPS engine restart tests
conducted at AEDC. The coast phase data for propellant pressures

and temperatures are presented on phase diagrams to provide a basis
for de*ermining the thermodynamic state of propellant residuals.

The initial starts and subsequent restarts were analyzed to determine
the ef“ect of pronellant rasiduals on engine restarts. A summary

of test conditions and test results is presented in Tables 6-1 and 6-2.

During the AE series of tests, unusually high acceleration and chamber
pressure spikes were occurring in a random manner. The magnitude of
these spikes was sufficient to shake loose accelerometer installations
and cahles and to over-range *the high response pressure transducers
for almost every start. This series was terminated when it became
apparent that the photographic window in the combustion chamber had
been damaged.

After evajuation of the photographic coverage and test data, it was
conzluded that the high accelerations and pressure spikes were the
result of thermal and shock sensitive residues accumulating in the
combustion chamber. Eiimination of these residues was accomplished by
increasing tye duration of the last firing in a restart sequence from
0.37 seconds tc 0.50 seronds to allow the heat from combustion to
vaporize or decompose the accumulatec rasidues.

7.6.2 Coast Phase Analysis

The effect o€ evaporative cooling is clearly shown by the temperature
measurements *n the injector manifolds with the possibility of propellant
freezing “ir,c occurring in the oxicizer manifold. During a typical
shutdown transient, Figure 7-56, the oxidizer manitolu prassure decreases
tc the tripte-point pressure for NoCgq in about 7 seconds. Figure 7-57
depicts injector temperatures during the coast pericd after a 0.37

second pulse. The grouping of points around 10°F for the oxidizer
injecter temperature (TOJ) correspond to the phase change at the
triple-point of the oxidizer. Below this temperature all boiling is
compleie and the residual oxidizer is a solid. The fuel injector
temperature (TFJ) indicates two minimum points during the coast period.
This is typical of fuel side temperatura profiles and the cause for

this phenomena is discussed thoroughly in Section 7.3.2. The first
minimum corresponds to the vaporization of the more volatile UDMH
component. The second minimum is caused tv the sublimation of hydrazine.

7-96
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7.6.2 Coast Phase Aralysis (Continued)

Figure 7-58 shows a temperature-time history following a 0.50 second
duration firing. The additional heat from the longer firing appears
to shift the temperature~time history of residual propellants toward
shorter venting, freezing, and sublimation times. The increase in
firing duration from 0.37 to 0.50 seconds appears to have had only a
minor effect on the rate or magnitude of cooling the hardware exposed
to oxidizer. However, the increased heat input may have changed the
vaporizatiin rate of the fuel sufficiently *o cause the fuel manifold
temperature to reach its first minimum value approximately 5 seconds
sooner and the second minimum aooroximately 200 seconds sooner than
the shorter firing. The effect of increased firing duration is not
clear because the 0.50 second firing occurred after the injector
assembly had been significantly cooled during the previous two coast periods.

The oxidizer manifold cooled much more rapidly than the fuel manifold,
as can be expected from a comparison of the propellant properties. As
seen in Figure 7-58, when the oxidizer reaches its minimum temperature,
there was a difference of approximately 40°F between the two manifolds.
The cooling rate of the fuel manifold was probably influenced by this
large temperature difference. '

Unfortunately there are very little data from which phase diagrams can be
constructed. However, Figure 7-59 shows the phase diagrams for the fuel
side tests AE-02A, AE-04A, and AE-04B and several observations can be
made from these. First, it appears that the fuel stays very close to
equilibrium up to approximately 13 seconds. At this time, the UDMH is
essentially all evaporated and the hydrazir> is solidified. The sub-
Timation of the hydrazine is apparently a very slow process, continuing
over 600 seconds. The data show that there is very little difference
between the process for the three tests even though one is a restart

and the other two are initial starts.

The phase diagram fcr the oxidizer side is shown in Figure 7-60. The data
show that the oxidizer stays very close to equilibrium. Boiling starts

at about 2 seconds, the residual oxidizer is solidified in approximately

5 seconds and then sublimes slowly for times exceeding 600 seconds.

There does not appear to be a significant difference between the restart
and the initial start but the available information is not sufficient

to determine if this is generally true.
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7.6.3 Start and Restart Firing Characteristics Analysis

The peak accelerations experienced with 35 + 5°F propellants and an
electrical pulse width of 0.37 seconds are plotted against coast
duration in Figure 7-61. This figure shows the most severe test
occurs at a coast period of 20 seconds. The peak level at 60 seconds
is approximately one-third less than at 20 seconds, while the levels
at 600 and 1800 seconds are comparable to levels reached on first
starts. The least severe test occurred at a coast period of 7
seconds. Chamber pressure spikes versus coast duration are shown in
Figure 7-62. These data show very little correlation to the accelero-
meter data, except that the maximum restart chamber pressure spikes
occur between 20 and 180 seconds. At 600 and 1800 seconds, the restart
chamber pressure spikes are comparable to first starts. From test
data acquired during the AE series of tests, it appears that hard
starts (acceierations greater in magnitude than on the initial start
of a test sequance) were also associated with repeated short duration
pulses, regardless of coast duration.

Accelerometer data for the AE test series show an increase in magnitude
for restarts made after an initial 0.37 second firing. This was verified
during the AG test series with a sequence of four restarts following

a 0.37 second initial firing. All but one restart experienced accelera-
tion levels higher than the initial start, and the last two restarts
indicated acceleration levels more than two times the initial start.

The data from restarts following a 0.50 second initial firing indicate
that the restart will experience less severe accelerations than were
experienced following a 0.37 second initial firing.

Acceleration data for restarts using 65 + 5°F piropellants are shown in
Figure 7-63. Although these data are extremely limited, it is evident
that the peak accelerations are of a lesser magnitude than with cold
propellants (35 + 5°F). Both the volume and phase of the residuals

can affect the severity of engine restarts. Because of a lack of
injector manifcld pressure data (either oxidizer or fuel), it is not
possible to evaluate manifold priming times to establish a propellant
lead/lag relationship. This also limits the establishment of propellant
phase histories during the shutdown transients and coast periods.

Several fuel manifold priming times from the AG test series are plotted
in Figure 7-64. These data, as expected, show a decrease in priming
time as coast time decreases. However, the magnitude of change is not
large between 7 second and 1800 second coast periods. The point at

20 seconds appears to be associated with valve timing since both the
initial start and first restart are comparable, but are higher than

the other data.
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7.6.4 Inbleed Tests Analysis

During tests AD-02, AD-03, and AD-04 oxidizer was bled intc the
injector and allowed to freeze prior to engine start. The oxidizer
inbleed tests were accomplished by introducing a single propellant

at a constant flow rate into the injector manifold just downstream

of the injector ball valve. During propellant inbleeding, the engine
exit pressure was maintained at a simulated pressure altitude of
approximately 300,000 feet. The ignition transients were accemplished
with a tnown volume of propellant which had vaporized sufficiently

to reduce the pre-ignition hardware temperatures and freeze propellant.

Three oxidizer inbleed tests were conducted to simulate adverse starting
conditions, The first inbleed was conducted with 35 + 5°F propellants.
An oxidizer voiume equivalent to 32% of the total oxidizer manifold
volume was inbled through a tap in the injector inlet duct at a slow
rate to promote freezing in the injector passages. Five seconds after
terminating the inbleed, the engine was started. Phase history data
indicate that the oxidizer in the injector should be liquid or a
liquid/solid mixture while the propellant in the chamber is in the
solid phase. The second oxidizer inbleed was conducted with 35 + 5°F
propellants and an oxidizer volume equivalent to 75% of the total
oxidizer manifold volume. The engine was started 220 seconds after
terminating the inbleed. Phase history data indicate only solidified
propellant should be present in either the injector or the chamber.
B During evaporative cooling of the oxidizer, considerable cooling of
e the fuel side resulted and, because of extremely low hardware temperatures,
: a delayed ignition occurred. Acceleration and pressure spikes were
higher than those observed on the first tes*. The third oxidizer
inbleed was conducted with 35 + 5°F propellants and a propellant volume
equivalent to 141% of the total oxidizer manifold volume. The engine
was started after 60 seconds. Phase history data indicate only solid
3 oxidizer is present in either the injector or chamber. Since the
T hardware temperature did not get as cold as in the second test, the
ignition delay was less and the acceleration levels decreased slightly,
although the pressure spikes increased. In general, the peak accelera-
tion data for the oxidizer inbleed testc show values less than those
reached by the first engine restart after coast periods of 60 and 180
seconds.,

4 i Ve gt
ety daeout PAR

During tests AG-16, AG-17, and AG-18 fuel was bled into the injector
prior to engine start. The hard start conditions resulting from a

fuel inbleed were not as severe as anticipated and it did not appear

to significantly affect the magnitude of the initial combustion pressure
spike, The fuel inbleed tests were accomplished by introducing a single
propellant at a constant flow rate, into the injector manifold just
downstream of the injector ball valve. During the propellant inbleeding
e the engine exit pressure was maintained at a simulated pressure altitude
Yy of approximately 300,000 feet.
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7.6.4 Inbleed Tests Analysis {Continued)

A total of three fuel inbleed tests were conducted. Since the engine
was started approximately 30 seconds after terminating the inbleed
for all the tests, the primary variable is the guantity cof fuel
inbled. Temperature and phase history data indicate that the fuel
should be in the liquid/solid region. This is the same region {coast
periols 20 - 180 seconds) in which the highest acceleration and
chamb2r pressure spikes were reached during the restart tests. For
the first fuel inbleed test, a volume equivalent to 0 - 25 percent of
the total fuel manifoid volume of 35 + 5°F fuel was inbled through a
tap in the injector just downstream of the injector ball valve. For
the second test a volume equivaient to 25 percent of the total fuel
manifold volume of 35 + 5°F propeilant was inbled and for the third
test a volume equivalent to 50 percent of the total fuel manifold
volume of 35 + 5°F propellant was inbled.

In all fuel inbleed tests, peak acceleration levels are equal to or
greater than those reached during restarts for the worst case coast
periods (2C - 180 secorus). The most severe test occurred at 25 per-
cent fuel inbieed with no apparent trend towards increasing accelera-

tion or chamber pressure spike levels as the quantity of inbled fuel was

increased.
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SECTION 8 - CORRELATION OF TEST RESIHI TS AND APPLICATION TO FLIGHT
8.0 GENERAL

This section presents the results of studies conducted to correlate
test results between engines and between hot firing and cold flow tests
using the same engines. Test resuits were also evaluated to determine
if the effacts of gravity forces could be isolated so that "zero-
gravity” rosults can e predicted. The capability to correlate test
results between engines can reduce the testing required for new enyine
designs. The capability to correlate test results between cold flow
and hot firing tests can aliow a reduction in the reguirements for
costly hot firing engine performance tests.
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8.1 CORRELATION OF APS, DPS, AND SPS RESTARTS

Data analysis did not reveal any direct correlation of hard restarts
between the APS, DPS, and SPS engines. The lack of correlation is the
result of configuration differences between the engines. Configuration
differences are indicated by Tabie 8-1, which presents volume, weight,
and orifice area data for the three injectors. The differences in
injector and duct configurations were significant even though all test
engines were fired in &n essentially horizontal position.

However, a correlation was obtained with respect to the thermodynamic
process cccurring during the coast phase following engine shutdown.
The principle correlating factor is the ratio of injector assembly
volume to injector orifice area. This correlation is discussed in
Section 8.2.

The restart characteristics of the engines, as determined by ground
testing, are briefly summarized in the following paragraphs.

DPS

The DPS engine did not have any repeatable hard restart problems, and
did not show any evidence of potential problems for up to two restarts
at coast periods of from 2 to 1800 seconds. Although the DPS engine
has an oxidizer injector filter, there was no evidence that this filter
was plugged. The injector configuration, which allowed significant
amounts of oxidizer residuals to drain cut, did not appear to cause
tuel leads and consequent hard restarts.

APS

The APS engine experienced several hard restarts which can be conclu-
sively attributed to frozen oxidizer residuals plugging the oxidizer
injector screen. This occurred only when significant amounts of
frozen oxidizer were present. At longer coast times {(greater than 200
seconds) and shorter coast times (less than 15 seconds) there was
insufficient frozen oxidizer to produce significant filter blockage.
No engine structural damage was observed after the hard restarts.

s

The SPS engine nad several hard restarts, but most of the hard restarts,
and several of the hard "initial starts" appeared to be caused bLy the
accumulation of explosive residues following repetitive short duration
(0.37 second) firings. The short duration firings did not reach a

steady state condition. Such firings are conducive to the formation and
retention of explosive residues. The same phenomena has been responsi-
ble for RCS engine failures. The remaining hard restarts were not sig-
nificantly harder than the range of first starts observed during the AEDC
test program. No engine structural damage resulted from the hard restarts.
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8.1 CORRELATION OF APS, DPS, AND SPS RESTARTS (Continued)

The observed restart characteristics of the three engines can be
partially explained by evaluating the effect of injector and duct
configuration on the location and volume of the residual propellants.
Further investigation of the injector flow phenc 'na which occur after
engine shutdown will be required to complete the .valuation.

The relevait basic configuration differences between the injectors are
shown on the sketches below. These sketches illustrate how the loca-
tion and volume of the residuals are affected by the injector and duct
configuration.

~

S 7

K

Z

L

VALVES

APS DPS SPS

The APS hard restarts were caused by frozen oxidizer blocking the
injector filter. The APS sketch shows that significant amounts of
oxidizer can be trapped and frozen in the oxidizer duct. A signifi-
cant volume of frozen fuel is present in the fuel duct. When the
engine is restarted, the frozen oxidizer is forced directly into the
oxidizer filter, but tne frozen fuel is forced into the "tomato can,"
significantly reducing the probability that fuel will pl:g the fuel
injector filter.

“he DPS engine data showed no indications of hard rcstart problems,
although restarts occurred with frozen fuel and oxidizer in the

ducts. The slow starting characteristics at 0% thrust and the large
injector orifices apparently prevent the frozen residuals from blocking
flow passages and significantly altering the normal oxidizer lead.

The SPS engine does not have any filters which can be blocked by frozen
residuals, but it is susceptable to fuel leads in the hub area of the
injector. This is caused by the direct fuel flow path from the fuel
duct to the injector orifices in the hub. In the outer rings of the
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8.1 . CORRELATION OF APS, DPS, AND SPS RESTARTS (Continued)

injector, the fuel must first flow through the injector baffles before
reaching the fuel injector orifices, producing an oxidizer lead in the
outer injector rings. As a result, the SPS engine is particularly
vuinerable to blockage of the oxidizer flow paths because of the
marginal oxidizer or oxidizer vapor lead in the hub area. Partial
blockage of the oxidizer flow paths can delay the oxidizer flow and
cause 3 fuel lead. It is interesting to note that the hardest restart
during the AG series and the minimum oxidizer manifold tempera‘ure both
occurred after 20 seconds of coast. The possible existence of a fuel
lead at 20 seconds cannot be confirmed because of the loss of manifold
pressure instrumentation during the AG test series.
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8.2 CORRELATION OF COLD FLOW AND HOT FIRINi TESTS

A comparison of hot firing temperature and pressure data with similar
cold flow data shows that the same basic boiling and freezing phenomena
occurred during both the hot firing and cold flow tests. Representative
hot firing test data are presented in Sections 7.3, 7.4, and 7.6.
Representative cold flow test data are presented in Sections 7.2 and 7.5.

Althougn the same basic phenomena were observed during cold flow and hot
firing tests, the significant phenomena, such as the beginning of boiling
or freezing, occurred at different coast times. Table 8-1 presents a
summary of representative coast times at which the beginning of boiling
and freezing were observed. The summary in Table 8-2 shows that the
effect of initial propellant temperature on time to »oil and time to
freeze was consistent between cold flow and hot firing tests. Specifi-
cally, the initial ascent engine propellant temperature did not have a
significant effect on the time to boil or freeze during either the cold
flow or hot firing tests. In contrast, the initial descent engine
propellant temperature had a significant effect on the time to boil or
freeze during both the cold flow and hot firing tests.

The summary in Table 8-2 also shows that the time to boiling and freez-
ing was significantly different between the cold flow and hot firing
tests. This is attributed to the effect of chamber pressure on the
propellant venting process during the engine shutdown phase. The
“chamber pressure" measured during cold flow tests was actually the
altitude chamber pressure, which was significantly lower than the

chamber pressure that would result from propellant combustion in a thrust
chamber. At the present time, the effect ot chamber pressure on the flow
rate through the injector orifices cannot be precisely calculated,
although the general characteristics of the flow are known. During the
propellant flow an. immediately after termination of the flow the liquid
flow rate out of the injector will be increased by any reduction in the
“chamber pressure” existing at the injector face. When the flow through
the injector orifices becomes two phase (1igquid plus gas) or single phase
(gas only), the chamber pressure level may affect the flow rate out of
the injector.

done of the ccld “low tests could he characterized with respect to the
offect of “charber pressure” on the shutdown transient, because data
were not obtained during the cold flow "shutdown" phase. However, it is
hel‘eved that the difference between the hot firing chamber pressure
decay and the cold flow "chamber pressure” deccy caused the major
differences between otherwise similar hot firing and cold flow tests.

Evaluation of the data showed that the times to boiling and freezing for
hot firing tests were correlated by the ratio of injector assembly
volume to injector orifice area. The volume-to-area ratio for the fuel
and oxidizer sides of the APS, DPS, and SPS injector assemblies was
obtained from Tab'e 8-1. Figures 8-1 and 8-2 chow the correlation

8-6
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FUEL OXIDIZER
TEST SERIES  INITIAL TIMETO TIMETO  TIME TO TIME TO
PROP. BOIL FREEZE  BOIL FREEZE
TEMP. (SEC) (SEC) (SEC) (SEC)
(°F)
DPS Hot Fire 64 10 80 5 50
44 15 50 7 50
36 20 40 8 40
DPS Cold Flow 70 5 90 5 9
40 25 90 N/A N/A
APS 70 5 15 N/A N/A
(Rocketdyne) 4 5 12 N/A N/A
APS Hot Fire 60 8 25 2 20
50 7 27 4 15
40 7 27 4 15
SPS Cold Flow 65 - - 0 < i
33 - - 0 5
15 - - 0 5
73 ¢ 10 - -
56 0 1) -
34 0 :;i 2-1/2 - .
SPS Hot Fire 65 7 <:] 3 4]
35 8-1/2 9-1/2 5 15

:E% Static test, start of boiling is start of test,
2

Exterior skin thermocoupie did not indicate freezing
temperature.

TABLE 8-2  COAST PHASE TEST RESULTS SUMMARY
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8.2 CORRELATION OF COLD FLOW AND HOT FIRING TESTS (Continued)

between the times to boil or freeze and the injector volume-to-area
ratios. These correlations are presented for the hot firing tests only.
The cold flow data correlation is not presenced because oxidizer data
were not obtained during the Rocketdyne injector tests, facility problems
were experienced during the DPS tests (see Appendix A) and the SPS
injector orientation was significantly different from the orientation of
the APS and DPS injectors.

The observed correlation confirms the effect of relative orifice area (as
measured by the injector volume-to-orifice-area ratioc) on the suppression
of gas effervescence, boiling and evaporation. The phase histories in
Section 7 show the effect of iniector volume-to-area ratic on the boiling
and vaporization processes. Typical DPS phase histories, such &s Figures
7-43 and 7-45, show that the relatively small DPS fuel and oxidizer injector
areas tended to reduce the rate of boiling and 10 produce phase histories
which were close to equilibrium. Typical APS fuei histories, such as
Figure 7-29 show that the fuel boiling process, was more rapid aml farther
from equilibrium than the DPS process, illustrating the cffect of an
increase in relative orifice area. The APS oxidizer phase histories, such
as Figures 7-32, were much farther from equilibrium than the DPS oxidizer
histories, showing the effect of a significant incrcase in relative orifice
area. The SPS phase histuries, such as Figures 7-59 and 7-60 show that the
fuel and oxidizer pricesses were very rapid but close to equilibrium. The
temperature data for these histories were obtained from immersion therno-
couples in the injector flow passages, with the result that these tempera-
ture data are not directly comparable to tne duct surfice temperature data
used in the APS and DPS phase histories. SPS vhase histories, using duct
thermocouple temperature data, indicatec that the fue! and oxidizer in the
ducts were far from thermodynamic equilibrium. The SPS data presented in
Table 8-2 ard Figures 8-1 and 8-2 were obtained from propeilant duct
surface thermocouples.

8-9
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8.3 APFLICATION TO FLIGHT

In a "zero-gravity" flight environment, there will be no gravity-
produced drainage of propellants from the injectors and ducts. Neither
will there be any residual propellants "trapped" in the ducts and
injectors by gravity forces. A reduction in the amount of drainage will
increase the severity of hard restarts, but a reduction in the volume of
"trapped" prope.lants will decrease the severity of hard restarts. The
key problem is the determination of the importance of gravity effects
relative to the boiling and gas effervescence effects on propellant
expulsion.

Temperature and phase history data from the SPS firings tend to indicate
that the effects of gravity are less significant than the effects of
boiling and effervescence. This tentative conclusion is based on a
comparison of the SPS temperature-time histories with the DPS and APS
histories. This comparison shows that the SPS injector was significantly
cooled by fuel residuals which were present for more than 60 seconds and
by oxidizer residuals which were present for more than 30 seconds.
Residuals were present for relatively long periods even though all of the
residuals could have drained out within a few seconds. It appears that
liquid and solid residuals are retained in the engine by gas bubbles
formed during gas effervescence and boiling. On the basis of this
comparison of test data, it is tentatively concluded that the boiling and
effervescence of dissolved gases have a significant effect in determining
the initial volume of residual propellants.

Additional data on the magnitude of these effects relative to the effect
of gravity-related phenomena (drainage and "‘rapping") can be obtained by
conducting hot firing tests with the engines in a vertical nozzle-down
orientation. Changing from a horizontal attitude, as used for the
Boeing/Seattle tests, to a vertical attitude, wiil have the followirg
effects on}%he volume of trapped residuals (refer to the illustrations in
Section 8.1):

FUEL OXIDIZER
APS Significant decrease Significant decrease
pPS Significant increase Significant decrease
SPS Negligible Negligible

Comparison of test data from nozzle-down firings to data from the
horizontal firings will allow the relative importance of gravity effects
and thermodynamic effects to be determined.

Proposed testing of the APS, DPS, and SPS engines in a vertical-down

attitude at WSTF can be used to prove or disprove the ability of the
boiling and gas effervescence phenomena to significantly affect the

810
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8.3 APPLICATION TO FLIGHT (Continued}

the initial volume of residuai propellants. Due to the significant
effect of orientation on propellant drainage in the APS engine, data
from WSTF restart testing of this engine can prove, or disprove, the
controlling influence of boiling and effervescence phenomena on engine
restarts. In particular, if the APS data indicate that significant
residuals are present for times on the order of 20 to 30 seconds, or
hard restar-s occur as the result of oxidizer injector screen blockage,
the control.ing influence of boiling and effervescence w11 be confirmed.

g-11
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SECTICN 9 - CONCLUSIONS AND RECOMMENDATIONS
CONCLUSIONS

Run time, propelilant temperature, propellant gas saturation., engine
start transiart characteristics, and engine orientation {as related
to gravity efects) are *he prime parameters that must be considered
in determininj the restart characteristics of hypergol engines.
Indications zre that:

The probability of a hard restart increases as the propellant
temoerature is lowered;

Short firings can lead to hard restarts due to propellant
freezing and the formation of detonable compounds ;

The susceptability of an engire to hard restarts is lower
for an eagine with a relatively long normal start transient
time.

Definite ccnclusions relating engine orientation (gravity effects)
and propel ant gas saturation to engine restart characteristics
require test data not available during this program. Recommenda-
tions for further work to obtain these data are presented in
Section 9.2.

Cold flow testing can be formulated to provide data that will allow
the determination of propellant temperatures and coast times required
to establish the proper range of variables that must be covered by a
hot firing test program. Recommended requirements for these cold
flow tests are presented in Appendix E (Volume II). An additional
theoretical investigation of injector flow processes is also required
before the capability to correlate cold flow and hot firing test
results is established. Recommendations for such an investigation
are presented in Section 9.2.

9-1
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RECOMMENDATIONS

Additioral restart tests should be conducted with the APS, DPS, and
SPS engines in a vertical, nozzle-down orientation. These tests
would provide data required to determine the relative importance of
gravity effects {drainage) and thermodynamic effects (boiling and

gas effervescence). Specific test objectives for each of the engines
are listed below.

APS
Determine coast period which produces hard restarts. Remove injector

filters, and repeat the test to verify that filter blockage by frozen
propellants was the cause of hard restarts.

s

Conduct restart tests at different throttle settings to verify
restart capability in the event that start procedures are modified,
and to determine the effect of varying injector area/injector volume
ratio on restart phenomena. These tests are necessary to provide
basic experimental data for further development of correlation and
pradiction techniques.

SPS
Verify restart capability for the Block II engine.

A simple computer program should be developed and utilized for para-
metric analyses of significant test variables such as volume,
orifice area, and initial temperatures. This will supplement the
existing test analysis and support the other recommended actions.

A theoretical investigation of injector flow processes should be
made. The specific area to be investigated is the time period at
and immediately after shutdown when liquid, two-phase and gas flows
are occurring, and should inciude better definition of the non-
equilibrium processes. These analyses could provide a capability
to correlate cold flow and hot-firing test results that would be
particularly valuable on future programs.,

9-2





